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FIVRVEIRCOVWTIE, BUBEBERZERERVESDRTEED, HE, P 740 (CF:.CO0H) MARBES)
DiF & A ERVEMGIOEB TR Ntz V2, 2 kd P 7 LA OERIc OV T HARRIFEET 50
TiEEEASNTVS,

TOXS BEMERE 7 v RRFIEENOEELMRRS TH 3. 7 v REAEHHFEHEY (500 CRETS
#z22), MESYE GAEE, @7 LA VBRFTESE LAY, FEit GERONEEERICIEMER 5 X5 Al
ERETLARIES T EHTES), B2 (50 ~ 100 ppm BEQDBORMTHRSH 2), HEEHE CGElu L,
RELEY) Lo BRATEERFE-> TS Y, 20k PFOS IE 2000 Fic/AE X hickKEORE Tl BikEl,
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NeFuALY, 73R, ZOMRBYx—28CHEEEK) TEINZEMETH S, MEREMIESHRMERHE
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X 2011466 H 27T HECRBEATEZZ Lick> T, THICEUW 200748 11 § 27 Hic PIC T bbby 7l
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Uptake hydrogenase mutant cells of the cyanobacte-
rium Nostoc sp. PCC 7422 photobiologically produced
H, catalyzed by nitrogenase for several days in H,-
barrier transparent plastic bags, and accumulated H in
the presence of O, evolved by photosynthesis. Their H,
production activity was higher in the sealed flexible bags
than in stoppered serum bottles of fixed gas volume.

Key words: Dbioreactor; cyanobacteria; hydrogen; hydro-
gen barrier film; photosynthesis

This paper describes the use of transparent flexible
H;-barrier plastic bags as culture vessels for small-scale
laboratory experiments in place of stoppered serum
bottles for the accumulation of H, photobiologically
produced by cyanobacteria. Some cyanobacteria pro-
duce H, by the action of nitrogenase accompanied by
photosynthetic O, evolution.!"™ Plastic bags allow
evaluation of H, production activity under ambient
pressure accompanied by the emission and absorption of
various gases.

Bags made from two types of gas barrier films were
used: Besela film (donated by Kureha, Tokyo) composed
of a poly-acrylate gas-barrier layer, and GL film
(donated by Toppan, Tokyo) composed of an Al,Os-
deposited gas-barrier layer. These films were laminated
with a layer of biaxially oriented nylon (ONy) (15-
25 um), followed by either cast polypropylene (CPP) or
low-density polyethylene (LDPE) (45-65um) on the
inner surface, yielding four types of bags: Be-P and Be-
E (Besela), and GI-P and GI-E (GL), with CPP and
LDPE respectively (some of these should be available
from GL Science, Tokyo). LDPE and CPP films
withstand vapor heat treatment at 100 and 120°C
respectively. Although the Be-P and GI-P bags look
hazy, chemical actinometry” indicated that all of them
transmit more than 90% of incident visible light. In the
following experiments, the bags were equipped with a
laboratory-made gas-sampling device (Fig. 1)® for
sampling and exchange of gases. The concentrations of
H;, O,, CO,, He, and Ne were determined by gas
chromatography (detector, TCD; column, Rt-Msieve SA
PLOT, 0.32mm x 30m, Restek, Bellefonte, PA). The
gas volume in the bag was calculated by adding a known
amount of He or Ne to it followed by gas determination.

The permeation of H; in the variously treated bags to

the outside air was determined for several days under
ambient atmosphere (about 1 atm, at about 25 °C) with
an initial H, concentration of about 5-10% in Ar. From
the data, the permeability P,s (cm®m~2atm~'day~")
were calculated by eq. (1):

Vdq/dt = —PnSp, ey

where V = total gas volume (approximated to be
constant, as the change was less than 1% throughout
the experiments), g = H, mole fraction, ¢ = time,
S = membrane surface area, p and py = H, partial
pressure at time ¢ and time zero respectively. Under
these H, diffusion conditions, the numerical values of g
and p are the same, and this yields Ps (Table 1) from
eq. (2):

Vinp = —P,St+ Vin pg 2)

Nitrogenase is an O,-sensitive N, fixation enzyme
limited to some prokaryotes that catalyzes the unidirec-
tional production of H, as the inevitable by-product of
the nitrogenase reaction.” In the absence of Ny, all the
electrons are allocated to H, production. In cyanobac-
teria that have nitrogenase, the saccharides produced by
0;-evolving photosynthesis usually serve as the source
of electrons for the nitrogenase reaction.'” Although
cyanobacteria have developed various responses allevi-
ating the damaging effects of O, on nitrogenase, these
responses are not always be enough completely to
mitigate the O, effects. Stewart and Pearson” reported
that in vivo nitrogenase activities (acetylene reduction)
of Anabaena flos-aquae and Nostoc muscorum cells
were inhibited by O, when the concentration exceeded
20% (v/v). The Nostoc sp. PCC 7422 mutant (AHup)
cells, which were used in the study too, whose uptake
hydrogenase gene (hupL) had been knocked out,
accumulated photobiologically produced H, up to about
30% (v/v) in the presence of evolved 0,.Y The
inhibitory effect of O, on this mutant was evident from
the experiments in which the mutant cells were
incubated in serum bottles with a starting gas phase of
20% O0,-75% Ar-5% CO,: the concentration of the
accumulated H, after 7d was about 16% less than that
of the culture with a starting gas phase that contained no
0, (95% Ar-5% CO,).Y

Nostoc sp. PCC 7422 AHup mutant cells® 2d after
transfer to a combined nitrogen-free BG11y medium for

¥ To whom correspondence should be addressed. Fax: +81-463-58-9684; E-mail: sakurai @waseda.jp
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Fig. 1. Gas Sampling Device Made from Plastic.

About 35 x 45 x 18 mm in size. 1, vice; 2, butyl rubber septum
(gas barrier); 3, push bolt; 4, screw driving ring; 5, inner pad; 6,
stopper with through hole; 7, needle. The plastic material for 1, 3, 4,
5, and 6 is PPS (polyphenylene sulfide).

Table 1. H, Permeability of Variously Treated Barrier Membranes

Pi:H; permeability

Treatment Bags (em’ m—2d~! atm—1)
None
Be-E 87
Be-P 44
GI-E 49
GI-P 44
100°C x 20 min
3 times
Be-E 22
Be-P 53
GI-E 29
Gl-P 48
120°C x 20 min
autoclave
Be-E 89
Be-P 67
GI-P 41

For types of membranes, see the text. The Py, values fluctuated even with the
same type of the membrane according to the production lot and with the
same type of heat treatment, and hence should be taken as reference values.

nitrogenase induction were put into either open serum
bottles without caps or taller serum bottles of the same
diameter capped with butyl rubber septa, and both types
of bottles were put into untreated Be-E plastic bags.
The bags containing open bottles were heat sealed. The
initial gas volume was about the same for all the
bottles. The time course of H, accumulation for the two
types of containers was almost the same for the first 3d,
but after 5d the sealed bags accumulated higher
amounts of H, than the closed bottles (Fig. 2). The
decrease in H, concentration in the gas phase due to H;
dissolved in the culture media was estimated on the
basis of H, solubility to be only about 0.04% (v/v)
greater in the capped bottles than in the sealed bags
after 9d due to elevated H, partial pressure. These
results strongly suggest that the higher O, partial
pressure in the capped bottles as compared to the open
plastic bags decreased nitrogenase-based H, production
activity more strongly than in the latter, in agreement
with a previous report.?)

= = =
o)} o] (e} N H
Il 1 1 1

H, accumulated (mL)

IS
1

0 T T
0 48 96 144 192 240
Time (h)

Fig.2. Time Course of Accumulation of H, in Open and Capped
Bottles.

Cyanobacteria at 2d after transfer to BG11,. Bags were untreated
Be-E type. Initial gas composition: 94% Ar, 5% CO,, and 1% N,.
Cyanobacteria culture volume: 50 mL in open bottles (3.7 cm outer
diameter, 7.6cm in height) or capped bottles (3.7cm x 11.6cm).
Initial gas volume: about 45-55mL for the former and 50 mL for
the latter. Light (a 12h light and 12h dark cycle) from fluorescent
lamps illuminating both sides of the bottles at the surface of
the bags: total photosynthetically active flux density of 100
umol photons m—2 sec™!. Gas samples were taken at the end of the
light period. H, in sealed bags (@) and in capped bottles (O). Each
point is the average of triplicate samples.

Gas-barrier plastic bags are suitable for measuring
biological activities accompanying gas emission and
absorption, such as H, production, methane production,
and photosynthesis under ambient pressure. Flat surface
bags are suitable for determining the efficiency of
light energy conversion to H,. The size of the bag
can easily be changed by heat sealing. The bags can
also accommodate various structured materials such as
a latex biomimetic leaf coated with purple photo-
synthetic bacteria in Besela bags for photobiological
H, production.”

Amos'? estimated the cost of hydrogenase-based
photobiological H, production by the green alga
Chlamydomonas, and pointed out that the product price
of the bioreactor accounts for a significant portion of the
overall cost. If the price of the bioreactor exceeds $100
per m?, then the system is not economically viable.
Prince and Kheshgi'"” enumerated various technical
issues that must be addressed to make photobiologically
produced H, economically viable, and one issue
identified is a need to develop inexpensive bioreactors.
H,-barrier plastic membranes were found here to be
potentially viable materials for inexpensive large-scale
bioreactors floating on the sea surface®* in future real-
world use. Although many of the relevant technologies
are in the early stages of development, the medium-term
target price of H, produced by cyanobacteria is
estimated to be 26.4 cents per kWh.?

Using an H, permeability (P,) value of 50
cm®m~2atm~'d~! (Table 1), the leakage of H, from
the plastic bioreactor was estimated to be 1.5L m~2 over
60d (compared with H, production: 912Lm~2) as
follows: Cyanobacteria produce H, at 1.2% efficiency
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in AH (a high heating value of 286kJ/mol) vs. total
solar radiation of 5.4 MJm~2year~!, leading to an H,
production rate of 176kJ (15.2L (25°C)) m~2d~!. The
amount of O, produced is half that of H,. The initial gas
phase (5% CO; plus 1% N in Ar) is 500Lm™2, and H,
accumulates after 60d to a concentration of 49%
(912/(500 4+ 912 + 456) = 0.49). H, leakage from both
sides of the bioreactor over 60d =2 x 50 x 1073 x
0.245 x 60 ~ 1.5 (Lm™2), and this can be reduced
further by increasing the thickness of the barrier layer if
necessary.
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Symbionts of the marine sponge Halichondria okadai
are promising as a source of natural products. Meta-
genomic technology is a powerful tool for accessing the
genetic and biochemical potential of bacteria. Hence, we
established a method of recovering bacterial-enriched
metagenomic DNA by stepwise centrifugation. The
metagenomic DNA was analyzed by ultrafast 454-
pyrosequencing technology, and the results suggested
that more than three types of bacterial DNA, Alphap-
roteobacteria, Actinobacteria, and Cyanobacteria, had
been recovered, and that eukaryotic genes comprised
only 0.02% of the metagenomic DNA. These results
indicate that stepwise centrifugation and real-time
quantitative PCR were effective for separating sponge
cells and symbiotic bacteria, and that we constructed a
bacteria-enriched metagenomic library from a marine
sponge, H. okadai, selectively for the first time.

Key words: metagenomic library; Halichondria okadai;
fosmid; 454-pyrosequencing; sponge

Many structurally unique compounds and significant
biologically active compounds have been isolated from
various marine invertebrates."? In particular, sponges,
members of the porifera, are rich sources of many
natural products. The marine sponge Halichondria
okadai is generally found in tidal pools on the Pacific
coast of Japan. It has an irregular round shape with a few
large oscules, and is slightly hard. We have isolated
halichondrin B, which exhibits strong cytotoxicity
toward B16 melanoma cells, from H. okadai, and have
analyzed its structure.® Erubrin (E7389), the right-side
fragment of halichondrin B, has been accepted as a
therapeutic drug (HALAVEN) for the treatment of
breast cancer by the U.S. FDA (http://www.fda.gov/
default.htm). Halichlorine, an alkaloid, has also been

isolated from H. okadai. It inhibits the production of
blood vessel cell adhesion molecule (VCAM-1).>-"
Okadaic acid, a polyether that inhibits phosphatase,
has also been isolated from this sponge.® Since, many
other natural products, including Alteramide A, Neo-
halicholactone and so on, have been isolated from this
sponge,”'? H. okadai is promising as a source of natural
products.

Recent research suggests that marine sponges harbor
various microbial symbionts, and that the bacterial
population may be as high as 40-60% of the sponge
biomass.!""'? Furthermore, many bioactive compounds
in sponges are produced by these symbionts. For
example, cytotoxic macrolide swinholide A is produced
by both the marine sponge Theonella swinhoei and its
symbiotic Cyanobacteria.!¥ Hence, the exploitation of
bacterial symbionts of marine sponges might be an
effective approach to harvesting large amounts of natural
products. Although microorganisms have potential as
sources of bioactive compounds, only a small proportion
of bacteria have been isolated from the environment.'*!>
Hence, to use symbiotic bacteria efficiently as sources of
natural products, a metagenomic approach is appropriate.
Recently, several natural products have been isolated
using metagenomic libraries derived from soil.!®!?
These metagenomic libraries were used directly as
sources of natural products by screening of clones that
produce bioactive compounds by heterologous expres-
sion of metagenomic DNA. On the other hand, when
construct a metagenomic library from a marine sponge,
contamination by the eukaryotic genomic DNA of
sponge of metagenomic DNA decreases the efficiency
of heterologous expression of the symbiotic bacterial
genomic DNA in E. coli. Hence, strict separation of
symbiotic bacteria and sponge cells is very important in
the construction of a metagenomic library.
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In this study, we established a method of extracting
bacterial-enriched metagenomic DNA by stepwise cen-
trifugation and real-time quantitative PCR (Q-PCR), and
then confirmed the quality of the metagenomic DNA
by dataset analysis. Finally, we constructed a fosmid
library with metagenomic DNA from a marine sponge,
H. okadai, for the first time.

Materials and Methods

Sponge collection and separation of bacterial symbionts. The
marine sponge Halichondria okadai was collected from tidal pools on
the coast of Hayama, Kanagawa, Japan. The sponges were stored on
ice until used, within 6h. They were diced into small pieces and
crushed manually into a cell suspension on ice with TEN buffer (3.5%
sodium chloride, 10mMm tris-hydroxymethyl-aminomethane, 50 mm
ethylenediaminetetraacetic acid, pH 8.5). First, the sediment and cell
suspension were separated with a large nylon mesh (20 um). Then the
sponge cells and bacteria were separated by step-wise centrifugation
(Fig. 1). The cell suspension was transferred to two ultracentrifuge
tubes. One cell suspension was centrifuged at 8,000 ¢ for 15min at
4°C in a HIMAC CR20G2 centrifuge (Hitachi, Tokyo) (fraction 1).
The other cell suspension was first centrifuged at 500 ¢ for 5min at
4°C (fraction 2). The supernatant was then transferred to another tube
and centrifuged at 1,000 ¢ for 15min at 4°C (fraction 3). Next, the
supernatant of the 1,000-g fraction was transferred to another tube and
centrifuged at 3,000 g for 15 min at 4 °C (fraction 4). The supernatant
of the 3,000-g fraction was then transferred to another tube and
centrifuged at 8,000g¢ for 15min at 4°C (fraction 5). Finally, the
various precipitates (fractions 1-5) were resuspended in TEN buffer
and centrifuged at 8,000 ¢ (20min, 4°C) by way of washing, twice
each. The genomic DNA of fraction 1 was used for PCR amplification
of 16S rRNA, and that of fraction 5 was used in both the construction
of a metagenomic library and second-generation ultrafast sequencing.

DNA isolation. Genomic DNA was extracted and purified following
the instructions in a commercial genomic DNA extraction kit (for
example, Genomic-tips 20/G, Qiagen, Frankfurt), and the protocol
used to recover genomic DNA, described by Piel et al., was modified
as follows.'®!9) The precipitates were resuspended and lysed in 20 mL
of guanidine solution (60% guanidine thiocyanate, 0.5% sodium
dodecyl sulfate, 10mMm EDTA) during incubation at 65°C. An
equivalent volume of CTAB buffer (4% cetyl trimethyl ammonium
bromide, 20 mm EDTA pH 8.0, 100 mm Tris—HCI pH 8.0, 1.4 M NaCl)
and 50uL of mercaptoethanol were added, and the sample was
incubated for 2h at 65°C. After lysis, genomic DNA was extracted
2-3 times with phenol-chloroform and chloroform, and precipitated
with isopropanol. The precipitate was dissolved in TE buffer and
incubated at 37 °C with RNase A (Toyobo, Osaka) overnight, and then
precipitated with isopropanol and dissolved in TE again. The amounts
of DNA were determined using a UV spectrophotometer at 260 nm
(UVmini-1240, Shimadzu, Kyoto).

Bacterial diversity in metagenomic DNA determined by specific
PCR amplification of 16S rRNA. PCR amplification of 16S rRNA from

Halichondria okadai
[ Squeezing

Crushed solution

8,000 g l
supernatant supernatant supernatant
ﬂsoo g ﬂl,OOO g ﬂs,ooo g ﬂs,ooo g

| fraction 2 || fraction 3 || fraction 4 ” fraction 5 |

Fig. 1. Scheme for Concentration of the Bacterium from the Sponge
Used in This Study.

metagenomic DNA was carried out with primers 16SrRNAF: 5'-
GTGCCAGCAGCCGCGGTAATAC-3' and 16STRNAR: 5'-TACAA-
GGCCCGGGAACGTATTCAC-3' (Operon, Tokyo), using Ex Taq
polymerase (Takara-Bio, Kyoto). These primers refer to Roseovarius
nubinhibens (NR_028728), Streptomyces sp. (AB498686), Staphylo-
coccus capitis (AB009937), Synechocystis sp. (AB364260), and
Escherichia coli (AB269763), and they were designed so that they
would be located outside the V1 and V8 regions of the bacterial 16S
rRNA. Thermocycling consisted of 2min of denaturation at 95°C,
followed by 30 cycles of 30s at 95°C, 30s at 55°C, and 90s at 72°C.
The terminal elongation step was extended by 15 min, and the reaction
mixtures were cooled to 4°C upon completion. Amplicon size and
integrity were examined by standard agarose gel electrophoresis and
ethidium bromide staining. Amplicons were extracted using the GFX
PCR DNA and Gel Band Purification Kit (GE Healthcare Japan,
Tokyo). The purified PCR products were cloned to pT7-blue T vector
(Takara-Bio) with a Mighty mix-DNA ligation kit (Takara-Bio) and
transferred into E. coli, DHS5-alpha competent cells. The 16S rRNA
clones were cultured with Luria-Bertani (LB) broth supplemented with
ampicillin (100 mg/L), and the clones were extracted using a GenElute
Plasmid Miniprep Kit (Sigma-Aldrich, St. Louis, MO) following the
manufacturer’s instructions. Eighty-three positive clones were ran-
domly selected and sequenced with a BigDye Terminator Cycle
Sequencing Kit (Applied Biosystems, Norwalk, CT) with primers
pT7blue-SF: 5-CAGGTCGACTCTAGAGGATC-3' and pT7blue-SR:
5-GACGGCCAGTGAATTCGAGC-3 (Operon), using an ABI
3730x]1 DNA Analyzer (ABI). The sequence results were analyzed
by Genetyx software (Genetyx, Tokyo) and compared with known
sequences in the GenBank database using the BLASTN search
program (http://www.ncbi.nlm.nih.gov/) to determine approximate
phylogenetic affiliations. Chimeric genes were then compared with
related 16S rRNA. A phylogenetic tree was constructed by the
neighbor-joining method?” based on distance matrix data by the
phylogenetic program ClustalX2 (available at http://www.clustal.org/).??
Evolutionary distances were calculated using the Kimura model.”? The
topology of the phylogenetic tree was evaluated by bootstrap analysis
carried out with 1,000 replications.”» 16S rRNA alignment was
achieved by including the phyla Proteobacteria, Actinobacteria,
Cyanobacteria, and Firmicutes. A sequence belonging to archaea was
used as out group (Fig. 3).

Cloning of the 18S rRNA of H. okadai. PCR amplification of the
18S rRNA genes of H. okadai was performed with primers designed
based on the conserved regions of the 18S rRNA of the marine sponges
H. melanodocia (AY737639) and Axinella corrugata (AY737637).
Thus 18S rRNA F: 5'-CCTGGTTGATCCTGCCAGTAGTC-3' corre-
sponded to the In to 17n bases of the 18S rRNA of H. melanodocia,
and to the In to 24n bases of the 18S rRNA of A. corrugate, and 18S
rRNA R: 5-CTACAGAAACCTTGTTACGAC-3’ corresponded to the
1,759n to 1,779n bases of the 18S rRNA of H. melanodocia, and to the
1,769n to 1,789n bases of the 18S rRNA of A. corrugate (Operon),
using genomic DNA extracted from fraction 1 with Ex Tag polymer-
ase. These purified PCR products were cloned, and several positive
clones were selected randomly and sequenced with primers pT7blue-
SF and pT7blue-SR. The sequence results were analyzed by Genetyx
software and compared with known sequences in the GenBank
database using the BLASTN search program to determine approximate
phylogenetic affiliations.

Quantitative real-time PCR. Cloned 18S rRNA was used as
template for a single reaction of Q-PCR. The copy number of the
18S rRNA gene was determined by assuming that based on the
molecular weights of the plasmid, which harbored partial 18S rRNA,
1 pg of plasmid equals 1.0 x 10° copies. To prepare a standard curve
for Q-PCR, 1, 0.1, 0.01, 0.001, and 0.0001 pg of the purified plasmid
was used in identical PCR reactions. Q-PCR was performed using
SYBR PremiEx Taq and a Thermal Cycler Dice Real Time System
(Takara-Bio).

Pyrosequencing and analysis of metagenomic GS-FLX data.
Metagenomic DNA extracted from fraction 5 was used as starting
material for pyrosequencing. Approximately 15ug of genomic DNA
was sequenced by three runs on a Roche GS-FLX pyrosequencer
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Table 1. Closest Phylogenetic Affiliations of Partial 16S rRNAs Retrieved from Selected Clones

Clone Identity Closest homolog (BLASTN) Acessesion no.
2 98.0 Uncultured alphaproteobacteria (HOC32) AB054166
4 98.5 Mucus bacterium 81 AY654839
47 96.1 Alphaproteobacterium EXT?2 AB274734
70 93.5 Uncultured alphaproteobacterium GQ346733
74 98.6 Uncultured alphaproteobacterium AB491826
7 99.5 Uncultured bacterium HM344756
13 99.2 Uncultured bacterium HM835849
45 99.8 Uncultured bacterium HM329350

(Roche, Mannheim, Germany). Genomic DNA was dissolved in TE
buffer, and its purity was ensured by checking that the A260/A280
wavelength ratio was from 1.8 to 2.0. The resulting data were
assembled using Newbler assembly software v1.1.02.15 (Roche).
Functional annotation of the protein-coding regions was achieved
using the BLASTX algorithm, which was used to query the NCBI non-
redundant database (nr) and the clusters of orthologous groups
database (COG).?*?" Comparisons of the metagenomic sequence data
to the NCBI-nr and COG databases were performed at a cutoff e-value
of 107>, Manual editing was performed using Genetyx software.

Construction of metagenomic fosmid libraries. A metagenome
library was constructed following the manufacturer’s instructions using
a commercial fosmid library construction kit (CopyControl Fosmid
Library Production Kit, Epicentre, Madison, WI). Extracted metage-
nomic DNA was ligated into the fosmid vector pCC1FOS (Epicentre),
and the ligated vectors were packaged into lambda phages and used to
transfect E. coli EPI300 (Epicentre). The resulting infected cells were
spread onto LB medium containing 12.5 pg/mL of chloramphenicol.
All the fosmid clones were stored in a deep freezer in LB medium
supplemented with a mixture of chloramphenicol (12.5ug/mL) and
10% glycerol (v/v). Induction of the fosmids to give a high copy
number was achieved by the addition of induction solution (Epicentre)
and incubation of the cultures at 37 °C for 5 h. After induction, the cells
were collected, and the various fosmid DNAs were isolated by the
alkaline lysis miniprep method.?®

Nucleotide sequence accession number. The DNA sequence of the
continuous 18S, 28S, and 5.8S rRNAs of H. okadai (contig00027) is
available from the GenBank database under accession no. AB511881.

Results

Genomic DNA isolation and measurement of 18S
rRNA by Q-PCR assay

To measure the concentrations of eukaryotic genomic
DNA in the various fractions, the copy numbers of the
18S rRNA were determined using a LightCycler system
under the conditions described in “Materials and
Methods.” First, to design primers for Q-PCR, we
extracted genomic DNA from precipitates of H. okadai
by the CTAB method described in “Materials and
Methods.” Next, 18S rRNA was cloned. A blast search
suggested that the clone was 18S rRNA of H. okadai,
which shows high homology to that of the marine
sponge Halichondria melanodocia (AY737639, 99.8%).
A 10-fold dilution series of purified 18S rRNA PCR
products ranging from 1 x 107® to 1 pg/uL was exam-
ined by Q-PCR. Genomic DNA samples were then
extracted from precipitates collected by graded centri-
fugation under the conditions described in “Materials
and Methods,” and the copy numbers of the 18S rRNA
segments were determined in duplicate by Q-PCR. The
copy number of 18S rRNA per 1ng of genomic DNA
of the fractions collected at high speed decreased
dynamically (Fig. 2). The quantity of 18S rRNA clones
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5.00E+08

4.00E+08

O1st
M 2nd

3.00E+08

2.00E+08 |

1.00E+08 |

Copy number of 18S rRNA

0.00E+00

Fraction 1 Fraction 2 Fraction 3 Fraction 5
500 1,000 8,000

Centrifugal force (g)

Fig.2. Quantification and Comparison of 18S rRNA Copies in
Centrifuged Pellets of H. okadai.
The Q-PCR data were created using four fraction samples
(crushed solution, pellets at 500 g, pellets at 1,000 g, pellets at
8,000 g), twice (1st, 2nd).

in the deposition collected at low speed (500 g) (fraction
2) was greater than that in the crushed-sponge solution
(fraction 1). This is because the sponge cells were
concentrated by centrifugation at low speed. On the
other hand, for precipitates collected at high speed
(8,000g), the amount of 18S rRNA clones greatly
decreased (fraction 5). This suggests that contaminating
sponge cells were largely eliminated by low-speed
centrifugation (3,000 g), and that the pellets collected
from the supernatant at the higher speed (8,000 g) were
enriched bacterial pellets.

Bacterial community composition

Before we evaluated the metagenomic DNA used in
library construction, the composition and structure of the
bacterial community of H. okadai were examined by
PCR analysis. We cloned 16S rRNA and sequenced 83
random clones. This revealed that 76 clones (91.6%)
showed high homology (97.0-99.0%) to each other, and
this group was represented by clone2. First, a blast
search in the NCBI database revealed that all of the
clones show highest homology to uncultured bacteria
(Table 1). Next, to examine the phylogenetic relation
between these clones in further detail, cloned 16S rRNA
(clones 2, 4, 7, 13, 45, 47, 70, and 74) was aligned with
those of representatives of various bacteria using the
ClustalX2 program (Fig. 3). This revealed that the
dominant phylum was Alphaproteobacteria (clones 2,
4, 47,70, and 74). Clone2 showed very high homology
with the 16S rRNA genes of uncultured Alphaproteo-
bacteria, HOC32 (98.2%), previously isolated from
H. okadai, at a position apart from the four other clones.
Two clones (clonel3 and clone45) belonged to Actino-
bacteria, and clone7 belonged to Firmicutes. This PCR
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clone2|

HOC32 (AB054166)()

Uncultured bacterium from Halichondria nigrocutis (EU263912)(cx)
SAR116 Candidatus Puniceispirillum marinum (NC_014010)(ex)
Azospirillum rugosum (AM419042)(cx)

Roseobacter litoralis from Prorocentrum lima (X78312)(¢)

Agrobacterium tumefaciens from Discodermia sp. (GU826585)(cr)
SAR11 Candidatus Pelagibacter ubique (CP000084)(c)
Vibrio sp. (AB220937)(y)

Nitrosospira sp. from Aplysina aerophoba (EF529669)(/3)
Bacillus licheniformis (AB196353)(F)

Staphylococcus capitis (AB009937)(F)
Streptomyces sampsonii (AB362247)(Ac)
Uncultured Propionibacterium sp. from oyster (FM995190)(Ac)

995

729

clone4s|
Rhodococcus sp. (HM590053)(Ac)

Entotheonella palauensis from Theonella swinhoei (AF130847)(A)

Li Oscillatoria sp. (AB364252)(C)
Synechocystis sp. (AB364260)(C)

Uncultured archaeon from Characella sp. (AB453932)(Ar)

Fig. 3. Neighbor-Joining Tree for Bacterial 16S rRNA.

Bootstrap values calculated from 1,000 resamplings by neighbor-joining are shown at the various nodes. Clones derived from H. okadai
are boxed. «, alphaproteobacteria; B, betaproteobacteria; y, gammaproteobacteria; A, deltaproteobacteria; Ac, actinobacteria; F, firmicutes;

C, cyanobacteria; Ar, archaea.

analysis revealed that Alphaproteobacteria are the over-
whelming dominant population in the marine sponge
H. okadai. Next, to assess the quality of the constructed
library, bacteria-enriched metagenomic DNA was esti-
mated by pyrosequencing of the metagenomic DNA,
which yielded about 230,000 readings (50 Mb) with an
average read length of 220 bases assembled into 17,069
contigs. These contigs were committed to the NCBI-nr
database and assigned to either prokaryote (best
BLASTX expectation value < 107 to a prokaryotic
entry) or eukaryote (best BLASTX expectation value <
1072 to a eukaryotic entry). Based on this analysis, at
least 50.7% of the contigs in the metagenomic data set
showed highest homology to genes that encode pro-
karyotic proteins. Very few contigs were homologous to
eukaryotic proteins (0.02%), and the other contigs were
considered not to be assignable. Further analysis
revealed that Alphaproteobacteria was also the largest
group in the metagenomic library (74.5%), followed
by Actinobacteria (3.5%) and Cyanobacteria (3.3%)
(Table 2). A further detailed analysis indicated that the
Alphaproteobacteria category consisted mainly of un-
cultured Alphaproteobacteria, Rhodobacterales, Rhizo-
biales, and Rhodospirillales (Table 3). Rhizobiales are
known to be symbionts of plants in general. This
indicates that a combination of graded centrifugation
and Q-PCR can be used to construct a bacterial-rich
genomic library efficiently, and that the metagenomic
library is rich in bacterial diversity.

Allocation of assembled contig sequences to micro-
bial genomes

To identify the genes involved in the biosynthesis of
natural products, the sequenced data sets were function-
ally annotated by COG category analysis based on a
BLASTX search against the NCBI database, and 8,096
contigs (47.4%) were assigned to functional genes
(Fig. 4). The most abundant proteins were associated
with metabolism (51.7%), and the biosynthesis, trans-

Table 2. Prokaryotic Taxa Distribution in the Metagenomic DNA
Based on BLAST Search against the Nr-Database

Taxon %
Alphaproteobacteria 74.5
Betaproteobacteria 3.2
Gammaproteobacteria 6.9
Deltaproteobacteria 1.9
Zetaproteobacteria 0.1
Actinobacteria 3.5
Cyanobacteria 33
Planctomycetes 1.2
Firmicutes 1.0
Bacteroidetes 0.9
Chlorobi 0.5
Chloroflexi 0.3
Chlamydiae 0.2
Acidobacteria 0.2
Verrucomicrobia 0.2
Deinococci 0.1
Spirochaetes 0.1
Aquificae 0.1
Tenericutes 0.1
Incertaesedis 1.7

Table 3. Taxonomic Affiliation of Contigs of the Class Alphapro-
teobacteria

ORDER %
Rhodobacterales 325
Unclassified alphaproteobacteria 27.8
Rhizobiales 19.3
Rhodospirillales 14.9
Sphingomonadales 2.7
Caulobacterales 1.1
Rickettsiales 0.9
Parvularculales 0.7

port, and catabolism of secondary metabolites accounted
for 1.8%. To understand better the biosynthetic path-
ways of natural products derived from symbiotic
bacteria, we focused on secondary metabolism, and
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performed an advanced COG analysis using a Swiss-
prot database. This revealed that 13 genes showed
homology to non-ribosomal peptide synthase modules
and related proteins (Table 4). These genes showed
similarity to NRPS derived from Proteobacteria
(30.8%), Actinobacteria (30.8%), Firmicutes (20.1%),
and Cyanobacteria (15.4%).

Genomic library construction

The genomic DNA isolated by the CTAB method was
larger than 25kb, large enough to construct a fosmid
library. DNA bands larger than 25 kb were recovered by
subjecting the corresponding agarose slices to GFX PCR
RNA and using a Gel Band Purification Kit, and the
recovered genomic DNA was used to construct a fosmid
library. The ligation mixture of digested genomic DNA
and fosmid vector was packaged and transferred to
EPI300 competent cells. As a result, 150,000 independ-
ent clones were obtained. We then confirmed that an
appropriate length of genome had been inserted into
these fosmids by electrophoresis of restriction enzyme-
digested fosmids.

Discussion

Metagenomic analysis can be useful to understand the
genetic background of the biosynthesis of natural
products. Recently, it was reported that some PKS
genes obtained from a metagenomic library of symbiotic
bacteria were different from the genes derived from
cultivable bacteria.!” Thus, culture-independent analy-
sis is preferable for the analysis of such symbionts.
When one constructs a fosmid library, one must
eliminate sponge cells as much as possible, because
contamination by genomic DNA from the sponge is an
obstacle in screening bacterial natural product-related
genes from a metagenomic library. Hence, we estab-
lished a method of constructing a bacteria-enriched
metagenomic library from the marine sponge H. okadai
by stepwise centrifugation and Q-PCR. Next, we
investigated the quality of the metagenomic DNA to
determine whether it was suitable for the construction of
a metagenomic library and for the screening of natural

products. We accessed metagenomic DNA by dataset
analysis, and found that the eukaryotic genome accounted
for only 0.02% of total metagenomic DNA. Several
genome studies have been performed on Porifera, a
demosponge, and so the finding that few contigs of the
metagenomic database show homology to genes derived
from these projects suggests that the sponge’s genome
was largely removed from the metagenomic DNA.?”
Alphaproteobacteria is the dominant group in the
metagenomic library, followed by Actinobacteria and
Cyanobacteria (Table 2). Various natural products have
been isolated from Alphaproteobacteria, Actinobacteria,
and Cyanobacteria,?*? and some might be the biogenic
source of the non-ribosomal peptides.’” This suggests
that the metagenomic DNA, from which the eukaryotic
genome had clearly been eliminated, is a promising
genetic resource for the discovery of natural products by
functional screening, and that heterologous expression
of metagenomic DNA using a multi-host expression
system might be useful for exploiting sponges’ sym-
biotic bacteria efficiently.

In this study, we identified 13 contigs that show
homology to NRPS genes by dataset analysis (Table 4).
For example, contig07303 showed homology with the
gene that encodes surfactin synthase, and contig08398
showed homology with the gene that encodes saframy-
cin Mx1 synthase.>** To determine whether these
contigs are involved in the biosynthesis of these
compounds, heterologous expression of the genes is
necessary. Screening of clones whose fosmid contains
these contigs by colony hybridization using the contigs
as probe might be an efficient approach to compiling
sequencing data and to the construction of a whole
cluster of NRPS genes. While various natural products
have been isolated from H. okadai, non-ribosomal
peptide has not yet been isolated from it. Hence the
expression of whole clusters of NRPS-like genes in a
suitable host should lead to the isolation of a non-
ribosomal peptide from H. okadai.

Marine sponges harbor various natural products
derived from secondary metabolites of symbiotic bac-
teria, and hence the diversity and specificity of sym-
biotic bacteria is an important issue in the screening
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Table 4. Predicted Protein Coding Sequences in a Metagenomic Data Set Related to Secondary Metabolite Synthesis

Contig Length e-Value Closest homolog (BLASTX) Accession no. Identity
(bp) (%)
contig00219 224 6.00E-17  amino acid adenylation domain protein [Paenibacillus curdlanolyticus YK9] ZP_ 07387014 57

contig04668 256
contig06486 261
contig06528 265

5.30E-06

4.081E-14 amino acid adenylation domain protein [Streptomyces flavogriseus ATCC 33331]

ZP_05803229 54

amino acid adenylation domain-containing protein [Salinispora tropica CNB-440] YP_00115962 46
2.889E-12 amino acid adenylation [Synechocystis sp. WH 8501]

ZP_00517512 50

contig06841 260 5.00E-21 amino acid adenylation domain protein [Lyngbya majuscula 3L] ZP_08431748 56
contig07303 252 2.00E-04  surfactin synthase subunit 1 [Bacillus subtilis] P27206 47
contig07750 246 9.00E-10  non-ribosomal peptide synthetase [Pseudomonas brassicacearum] YP_00435531 47
contig08398 276 8.00E-27  saframycin Mx1 synthetase B [Myxococcus xanthus] AAC44128 70
contig08571 247 5.00E-08  peptide synthase [Pseudomonas aeruginosa PAbl] ZP_06878666 55
contig08754 263 5.09E-17  non-ribosomal peptide synthetase, putative [Roseobacter sp. GAI101] ZP_05099506 51
contig08780 242 6.00E-20  peptide synthetase [Streptomyces sp. Acta 2897] AEA30273 62
contig08861 243 2.00E-11  hypothetical protein bcere0027-54520 [Bacillus cereus AH676] ZP_04195022 51
contig11049 254 2.03E-13  putative non-ribosomal peptide synthase [Bradyrhizobium sp. BTAil] YP_00123724 50

of natural products. First, we compared the diversity of
the bacterial community of H. okadai with those of
other marine sponges.>>>® For sponges of the order
Halichondrida, Gammaproteobacteria is the dominant
bacteria in Halichondria sp., and Acidobacteria and
Chloroflexi are the dominant groups in Svenzea zeai. For
sponges of the order Haplosclerida, Gammaproteobac-
teria and Firmicutes are the dominant bacteria in
Haliclona simulans and Gelliodes carnosa respectively.
On the other hand, Alphaproteobacteria are the domi-
nant bacteria in H. panicea, Rhopaloeides odorabile,
and Mpycale laxissima, of the orders Halichondrida,
Dictyoceratida, and Poecilosclerida respectively.3>3%40
These results indicate that bacterial composition is
highly varied in sponges, and that the dominance of
alphaproteobacteria is not a rare characteristic.

We focused on the specificity of symbionts in the
marine sponge H. okadai. Eighty-three clones of the 16S
rRNA of H. okadai were analyzed by BLAST search of
the NCBI database. This revealed that clone2 showed
high homology to other uncultured alphaproteobacteria,
HOC32 (98.2%) (AB054166), which had been cloned
from H. okadai. Furthermore, this clone2 group is
phylogenetically distant from the major marine bacteria,
including SARI11, for example SAR116 (91.4%)
(NC_014010).*" The fact that 1 certain bacteria were
isolated from the sponge extracted separately suggested
that these bacteria are sponge-specific. Indeed, it has
been reported that the dominant alphaproteobacteria of
H. panicea was a sponge-specific symbiont by sampling
at different stations.>> These results imply the specificity
of alphaproteobacteria clone2. Furthermore, some
sponge-phylum-specific symbionts have been detected
by comparison of symbionts obtained from various
marine sponges,*? but clone2 derived from H. okadai
showed low homology to these sponge-phylum-specific
alphaproteobacteria (JAWS23, JAWSS) (84.2% and
82.6%). This suggests that this symbiont of the marine
sponge H. okadai is not a sponge-phylum-specific
bacterium.

Recently, it was reported that some sponge symbionts
may have co-evolved with their hosts.***» These allied
sponges were isolated related species. Because the
5.8S rRNA of H. okadai showed high similarity to
H. panicea (99.0%, AF062607) and sponge-specific
clones had been isolated from H. panicea, we inves-
tigated sponge-order-specific bacteria by homology

search. We compared clone2 with the 16S rRNA clones
derived from H. panicea, and found that the clone2
showed low homology to uncultured alphaproteobac-
teria in H. panicea, for example, HNS27 (Z88567),
HNS35 (Z88568), and HNSMS50 (Z88569) (86.0%,
69.8%, and 85.7%), the dominant alphaproteobacteria
in H. panicea. This suggests that clone2 is not a sponge-
order-specific bacterium.

Thus there are two methods of transmission of
symbiotic bacteria in marine sponges. Usually, marine
bacteria are either acquired from the surrounding sea
water during filter-feeding by sponges or are transferred
from parental sponges to their progeny through repro-
duction.* Sponge-species-specific symbionts are inher-
ited by vertical transmission. Although H. okadai,
H. panicea, and H. japonica all belong to the order
Halichondrida and live in tidal pools in Japan, different
natural products have been isolated from these three
sponges. For example, Halichondrin B was not isolated
from the latter two sponges. This can be explained by
the conjecture that the symbiotic bacterium that produces
natural products is sponge-species-specific. Indeed, the
16S rRNA clones derived from H. panicea did not show
high homology to that of H. okadai. Hence a phyloge-
netic analysis and comparison of symbionts derived
from H. okadai, H. panicea, and H. japonica sampled
from the same location is necessary to determine the
existence of sponge-species-specific symbionts and the
relationship between these host sponges, their sym-
bionts, and natural products. To determine this relation-
ship, the metagenomic approach with heterologous
expression and DNA analysis is effective.

In this study, we constructed a fosmid library from
a marine sponge, H. okadai, for the first time. We
eliminated the sponge genome from the recovered
metagenomic DNA. A dataset analysis indicated that
metagenomic DNA is a potential source for screening
natural products. An analysis of bacterial diversity
suggested that the metagenomic library was constructed
by various bacteria, mainly Alphaproteobacteria, Acti-
nobacteria, and Cyanobacteria. An analysis of ortholo-
gous proteins suggested that the library contains genes
that are involved in non-ribosomal peptide synthesis.
This analysis of the genetic profile of the metagenomic
DNA should help in using uncultivable and cultivable
bacteria as genomic sources in the screening of natural
products.
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An EtOH extract of Valeriana fauriei was found to
exhibit potent inhibition of fat accumulation against
3T3-L1 murine adipocytes. After performing several
chromatographic steps, we successfully isolated the
conjugated linoleic acid derivative, 9-hydroxy-
10E,12Z-octadecadienoic acid (9-HODE). Synthesized
9-HODE and its analogs showed inhibitory activity
against fat accumulation.

Key words: Valeriana fauriei; 3T3-L1 murine adipo-
cytes; inhibitor; fat accumulation

Such lifestyle-related diseases as cancer, cardiovas-
cular disease, hypertension, hyperlipidemia, and diabe-
tes are rapidly growing epidemics in developed coun-
tries, and obesity is one of the causes." The Ministry of
Health, Labor and Welfare in Japan has reported
increasing obesity rate in the population. Although such
approaches for anti-obesity as low-calorie foods have
been proposed, we have focused on inhibitors of fat
accumulation, because they could be applied to the
development of anti-obesity drugs.

Our previous study screened the fat accumulation
inhibitors from various sources. We found that the
mushroom, Coriolus versicolor, and plant, Valeriana
fauriei, potently inhibited fat accumulation against 3T3-
L1 murine adipocytes. The highly N-methylated cyclic
heptapeptide, (—)-ternatin, was successfully isolated
from C. versicolor as a novel inhibitor of fat accumu-
lation.>™ V. fauriei is a Chinese herbal medicine and is
used to treat hysteroepilepsy and cardiac palpitations.
These effects have been mediated by such terpenoid
glycosides as kessoglycol diacetate and kessoglycol B-
monoacetate from V. fauriei.>® A novel iridoid glyco-
side and a sesquiterpenoid have been isolated from
V. fauriei and showed NGF-potentiating activity.”
However, there are no reports on the inhibition of fat
accumulation. We report in this study the isolation and
determination of fat accumulation inhibitors from
V. fauriei.

To isolate the fat accumulation inhibitors, we used
the assay system with 3T3-L1 murine adipocytes as
described previously.? LabAssay™ Triglyceride (Wako

Pure Chemical Industries) was used to determine the
amount of triglyceride in the 3T3-L1 cells, and Cell
Counting Kit-8 (Dojindo Laboratories) was used to
determine the cell viability. Both the fat accumulation
(FA) and cell viability (CV) rates were determined by
dividing the absorbance value of a sample by the
absorbance of the control which had been exclusively
treated with a vehicle. An FA rate of 50% and CV rate
of 50% are respectively presented as the ECsy and ICsq
values.

The rhizomes and roots of V. fauriei (2kg) purchased
from Tochimoto Tenkaido Co. (Japan) were extracted
with 80% aqueous ethanol over 2 weeks. The concen-
trated extract (125g) was partitioned between ethyl
acetate and water, and the ethyl acetate layer was
partitioned between 90% aqueous methanol and hexane.
Since the 90% aqueous methanol layer showed inhib-
itory effects on fat accumulation (66% FA rate and 93%
CV rate at a 100 ug/mL conc.), the methanol fraction
was separated by ODS column chromatography with
stepwise elution by 70% aqueous MeOH to MeOH. The
80% aqueous MeOH fraction (73% FA rate and 93% CV
rate at a 50 ug/mL conc.) was separated by silica-gel
column chromatography with stepwise elution by
CHCl3/MeOH (19/1, 9/1, and 2/1). The 9/1 CHCl3/
MeOH fraction (68% FA rate and 94% CV rate at a
50 ug/mL conc.) showed four spots on the TLC plate
[Rf=0.63, 0.70, 0.73, and 0.80 (CHCl;3/
MeOH = 9 : 1)]. These spots were separated by prepa-
rative TLC (CHCI3/MeOH =9 : 1) to afford an active
compound (0.6 mg; 50% FA rate and 81% CV rate at a
20 ug/mL conc.) with an Ry value of 0.70. To determine
the structure, this active compound was analyzed by 'H-
NMR (300 MHz, CDCl3), using high-resolution electro-
spray ionization mass spectrometry (HR-ESIMS) with a
Waters LCT Premier XE and ESIMS with a Brucker
Esquire 3000 Plus in the negative ESI mode. Character-
istic "H-NMR peaks of the active compound are shown
in the experimental section. Its molecular formula was
determined to be C;gH3O0; by HR-ESIMS (m/z
295.2262 [M —H]~, as calculated for C;gH3;0s3,
295.2273). The ESI mass spectrum showed major peaks
at m/z 295 ((M — H] ™), and an MS/MS analysis gave
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ion fragments at m/z 277 ((M — H,O) — H] ") and 171
([(M — CH3(CH,);CHCHCHCH,;) — H]7). Based on
these spectral data, we identified the active compound
as the known but unusual fatty acid, 9-hydroxy-
10E,12Z-octadecadienoic acid (9-HODE, 3) (Fig. 1).
The 'H-NMR and MS/MS peaks assigned to the active
compound were in good agreement with those reported
previously for 9-HODE.®? The enantiomeric excess of
isolated 9-HODE was determined by an HPLC analysis
after converting to the corresponding methyl ester.'”
The results indicate that the absolute configuration of
isolated 9-HODE was the (R)-enantiomer (>95% e.c.).

We next synthesized 9-HODE and its analogs by
using a reported method.” Methyl linoleate (1) was
added to a mixture of SeO, and dichloromethane in an
argon atmosphere. The reaction mixture was stirred for
24h at room temperature, before a 10% NaCl solution
was added and the mixture extracted with dichloro-
methane. The extract contained the 9-HODE methyl
ester (4) and 13-hydroxy-9Z,11E-octadecadienoic acid
(13-HODE) methyl ester (6). These compounds were
purified by preparative HPLC and subsequent hydrolysis
to afford racemic 9-HODE (3) and racemic 13-HODE
(5), and their inhibitory activity against fat accumulation
was evaluated. Figure 2A shows that synthesized
9-HODE significantly inhibited fat accumulation in
3T3-L1 cells (ECso =20ug/mL, ICsy =29ug/mL).
These results are relatively higher than those for (R)-9-
HODE isolated from V. fauriei (ECsy = 40ug/mL,
ICsop => 40ug/mL). The results indicate the stronger

P e T Y VN

Linoleic acid methyl ester (1)

/\/\/:\/—\/\/\/\/COZH
10E,12Z-Octadecadienoic acid (CLA, 2)
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9-Hydroxy-10E,12Z-octadecadienoic acid (9-HODE, R=H, 3)
OH methyl ester (R=Me, 4)
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13-Hydroxy-9Z,11E-octadecadienoic acid (13-HODE, R=H, 5)
methyl ester (R=Me, 6)

Fig. 1. Structures of Linoleic Acid Methyl Ester 1, Conjugated
Linoleic Acid 2, Allylic Hydroxylated Derivatives 3 and 5, and
Corresponding Methyl Esters 4 and 6.
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activity of the (S)-enantiomer than that of the (R)-acid.
Interestingly, 13-HODE showed slightly greater activity
(ECsp = 17pg/mL, ICso = 41 ug/mL) than that of 9-
HODE (Fig. 2B). The methyl esters (4 and 6) were also
subjected to these assays, but indicated no inhibitory
activity (data not shown). These results show that the
structure of a conjugated diene with a hydroxyl group at
the allylic position and a carboxyl group may be
important for the biological activities of 9-HODE.
Although the inhibitory activity of 9-HODE and 13-
HODE against fat accumulation has not been previously
reported, it has been reported that conjugated linoleic
acid (CLA, 2) had such biological activities such as
anti-tumor and hypocholesterolemic effects.!” Interest-
ingly, we found that CLA (2) had weak inhibitory
activity against fat accumulation (ECsy = 316 ug/mL,
ICso = 375 ug/mL) when compared with 9-HODE and
13-HODE.

It has been reported that 9-HODE and 13-HODE
showed antitumorial activities.”” The methyl esters (4
and 6) had very weak activity compared with the
corresponding acids. Intriguingly, 9-HODE and 13-
HODE showed more potent inhibition of fat accumu-
lation and antitumor activity than CLA, although these
activities were lost by methyl esterification.

It is crucial for future applications to elucidate the
mechanisms for the inhibitory activities of 9-HODE
against fat accumulation. 9-HODE has been reported to
act as a ligand of both PPARy'? and G protein-coupled
receptor G2A.'>!Y PPARy is a transcriptional factor
belonging to the nuclear receptor super-family and is
known to promote the differentiation of adipocytes.
Experiments with the heterozygous mouse,' inhibitors
of PPARy,'® and Prol2Ala SNP in humans!” have
shown a suppression of obesity by incremental serum
leptin levels.'® However, it has been reported that
PPARy activated by troglitazone, a potent agonist,
promoted the differentiation of small adipocytes and the
apoptosis of large adipocytes.'” Troglitazone thus led to
the miniaturization of adipocytes. It is likely that 9-
HODE may activate PPARy and miniaturize adipocytes
in the same way as troglitazone, leading to decreased fat
accumulation. G2A is a stress-inducible G protein-
coupled receptor (GPCR) which is known to have such
biological functions as those involving inflammatory
response, proliferation, and differentiation. It has been
reported that 9-HODE acted as a ligand of G2A and
released a variety of cytokines.'>!'¥ However, intra-
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Fig. 2. Inhibitory Effects of Fat Accumulation on 3T3-L1 Murine Adipocytes.
3T3-L1 cells were treated with 9-HODE (A), 13-HODE (B), and the vehicle (control) for 1 week during differentiation. The fat accumulation
(filled circles) and cell viability (unfilled circles) were then determined. Data are presented as the mean and standard deviation (SD) of four tests

and are shown as a percentage of the control value.
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cellular signaling mediated by G2A has not been fully
elucidated. It is possible that the cytokines released by
G2A played a role in the inhibition of fat accumulation
after 9-HODE bound to G2A.

We successfully isolated 9-HODE in this study as an
inhibitor of fat accumulation and found that 13-HODE
had the same effect. The hydroxylated derivatives of
conjugated linoleic acid may be potent inhibitors of
fat accumulation, making it important to evaluate the
activity of other analogs of 9-HODE.

Experimental

General data. 'H-NMR spectra were recorded with a JeolL. JNM
AL300 FT NMR spectrometer. 9-HODE (3). '"H-NMR (300 MHz,
CDCl3) é: 0.89 (3H, t, J = 6.8), 1.21-1.59 (18H, m), 2.18 (2H, m),
235 (2H, t, J =1.5), 4.15 (1H, m), 5.44 (1H, m), 5.66 (1H, dd,
J=6.8,152),597 (1H, dd, J = 11.2, 11.2), 6.49 (1H, dd, J = 11.2,
15.2).
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We screened a colored clone from a metagenomic library
derived from the marine sponge Halichondria okadai. We
isolated a yellow pigment, halichrome A (1), which was
structurally elucidated to be a biindole, exhibited cytotoxicity
against B16 melanoma cells and was substituted with an ethyl
group. To the best of our knowledge, this is the first report of the
isolation of a novel compound from a metagenomic library
derived from a marine sponge.

Many structurally unique compounds with significant bio-
logical activity have been isolated from various marine
invertebrates.! In particular, sponges, members of the porifera,
are rich sources of many natural products. Recent research
suggests that marine sponges harbor various microbial sym-
bionts and that many bioactive compounds in sponges are
produced by these symbionts.> Although microorganisms have
potential as sources of bioactive compounds, only a small
proportion of bacteria have been isolated from the environment.’
Hence to use symbiotic bacteria efficiently as sources of natural
products, a metagenomic approach is appropriate. Recently,
several natural products have been isolated using metagenomic
libraries derived from soil.* These metagenomic libraries were
used directly as sources of natural products by screening of
clones that produce bioactive compounds by heterologous
expression of metagenomic DNA. We previously constructed a
metagenomic library from the marine sponge Halichondria
okadai.® In this study, we screened for colored clones and found
a novel compound halichrome A (1) (Chart 1).

A colored clone was screened for the production of pigment
on Luria—Bertani (LB) agar plates and grown in a liquid-shaker
culture. This culture was extracted with EtOAc and chloroform.
The extract was concentrated and partitioned between EtOAc
and H,0. The EtOAc extract was subjected to fractionation with
column chromatography (silica gel, toluene-EtOAc; ODS silica

halichrome A (1)

Chart 1.
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gel, EtOH-H,0) and reversed-phase HPLC (Develosil ODS-
UG-5, MeOH-H,0; YMC-pack AG-323, acetonitrile-H,0) to
give halichrome A (1). The cytotoxicity of halichrome A (1)
against B16 mouse melanoma cells was determined using the
MTT method.® This compound showed cytotoxicity with an ICsg
value of 30.9 ugmL™" after 4 days.

Halichrome A (1) was isolated as a yellow pigment soluble
in both methanol and chloroform. The UV-vis absorption
maxima at 402 nm with a slight inflection at shorter wavelengths
indicate the presence of an indole chromophore.” The molecular
formula of 1 was determined to be C;gHcN,O by HR-ESIMS
(m/z299.1160, [M + Na]*, A + 0.4 mmu). The NMR data for 1
are summarized in Table 1. The 'HNMR spectrum of 1 in
chloroform-d showed the presence of two aromatic ring ABCD
spin systems (6 7.65, 6.85, 7.49, 6.92, and 7.50, 7.02, 7.15,
7.34), one doublet aromatic proton (§ 7.22), one methylene
(6 2.30), one methyl group (8 0.91), and two indole NH signals
(8 5.02 and 8.11). In the '3C NMR spectrum, 18 carbon signals
were observed, including one carbonyl carbon (8§ 201.2), one
methyl carbon (§ 6.1), one methylene carbon (8 28.5), one
quaternary carbon (8 67.8), and 14 olefinic carbons (8§ 159.0,
135.5, 135.0, 123.3, 123.1, 120.6, 120.5, 119.2, 118.2, 118.1,
117.1, 113.3, 110.5, and 109.6). The 9 olefinic carbon signals

Table 1. *CNMR and '"HNMR data for 120
Position 6C S6H (mult., Jin Hz) HMBC (H to C)

1 5.02 (s) 2,3, 3a, 8
2 67.8

3 201.2

3a 119.2

4 123.1  7.65 (d, 7.7) 3, 7a

5 117.1  6.85(dd, 7.2, 7.7) 3a

6 1355 7.49 (dd, 7.2, 8.5) Ta

7 110.5 6.92 (d, 8.5) 3a

Ta 159.0

8 285 2.30 (m) 2,3, 3

9 6.1 091 (t, 7.3) 8

1 8.11 (brs) 3a’

2’ 120.6  7.22 (d, 2.4) 3, 3a’, 78
3’ 113.3

3a’ 123.3

4 1182  7.50 (d, 8.0) 3 7a

5 118.1  7.02 (dd, 8.0, 7.3) 3a

6 120.5  7.15 (dd, 8.0, 7.3) 7a'

7 109.6  7.34 (d, 8.0) 3a’

74 135.0

aSolvent: CDCls. *'HNMR (500 MHz), 3C NMR (125 MHz).

‘Recorded at 298 K.

© 2012 The Chemical Society of Japan
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Figure 1. Selected 2D NMR®" correlations for halichrome A
(1). *Solvent: CDCl;. PRecorded at 298 K.

(6 135.5, 123.1, 120.6, 120.5, 118.2, 118.1, 117.1, 110.5, and
109.6) were assigned to the methines, based on the results of an
HMQC experiment. The '"H-'"HCOSY spectrum and a decou-
pling experiment revealed the partial structures C4-C5-C6-C7,
C4'-C5'-C6'-C7’, and C8-C9, as shown in Figure 1. First,
HMBC correlations at H5/C3a, H6/C7a suggested the con-
nectivity of C3a—C4, C7a—C7, respectively. Then, the assign-
ment of C3a and C7a were established by the similarity in the
BCNMR when compared to those of ketoindole moiety of
Cephalinone B.® The correlations H1/C2, H1/C3, and H1/C3a
in the HMBC spectrum suggested a ketoindole moiety.
Furthermore, based on the HMBC correlations at H4/C3 and
the NOESY correlations between H1 and H7, the ketoindole
moiety should be located between N1 and C7a, as shown in
Figure 1. Next, the HMBC correlations at H5’/C3a’ and H6’/
C7a’ suggested the connectivity of C3a’-C4’, and C7a’-C7’,
respectively. Then, the assignment of C3a’ and C7a’ were
established by the similarity in the '*CNMR when compared to
those of indole moiety of Arcyriarubin B 6-O-sulfate.’ The
decoupling of H1” and H2’, and HMBC correlations at H2’/C3’,
H2’/C3a’, H2'/C7a’, and H1’/C3a’ suggested an indole moiety.
Furthermore, based on the HMBC correlations at H4’/C3’ and
the NOESY correlations between H1’ and H7’, the indole moiety
should be located between N1’ and C7a’, as shown in Figure 1.
Thus, these analyses showed two indole moieties and one ethyl
group, and the connectivity between these partial structures was
clarifitd by HMBC as follows. The HMBC correlations at
H8/C2, H§8/C3, and H1/C8 determined that the ethyl group was
attached to a C2 quaternary carbon. And the HMBC correlations
at H8/C3’ suggest that a N1-C7a portion was connected to an
N1’-C7a’ portion at C2 and C3’. Consequently, the entire carbon
chain was assembled and the gross structure of halichrome A (1)
was determined to be as shown in Figure 1. The specific rotation
of 1 is observed to be —0.9 (¢ 0.03, MeOH), and then
determination of the absolute configuration at C2 is under
investigation.

Many biosynthetic pathways of bacterial pigments have
been investigated by a metagenomic approach. Recently, some
clones that produce heterologously indigo, indirubin, and
violaceion were isolated from soil-derived metagenomic libra-
ries and full or partial sequences of these gene clusters were

Chem. Lett. 2012, 41, 728-729

© 2012 The Chemical Society of Japan

729

analyzed.*>’>10 In this study we isolated a clone that produce
harichrome A. Hence sequencing of the gene clusters is in
progress and analysis of the genetic information of this clone
would improve the study of the open reading frames, responsible
for the halichrome A biosynthesis.

In summary, halichrome A (1) was isolated from a
metagenomic library derived from the marine sponge H. okadai.
The gross structure of halichrome A (1) was revealed to be
biindole substituted with an ethyl group based on 2DNMR
spectra. Halichrome A (1) exhibits weak cytotoxicity against
B16 mouse melanoma cells with an ICs, value of 30.9 ugmL™".
To date, some natural products have been isolated by a
metagenomic approach. Most of these natural products originate
from soil, marine sediment, and no example from a marine
sponge has been reported. To the best of our knowledge, this is
the first report of heterologous expression of a novel natural
product from a metagenomic library derived from a marine
sponge. These results indicate the potential of metagenomic
libraries derived from marine sponges as a genetic and chemical
source.
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was supported in part by Grants-in-Aid for Creative Scientific
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Stereoselective synthesis of the C94-C104 fragment of symbiodinolide which is a polyol marine natural
product with a molecular weight of 2860 has been accomplished. The synthetic route features
Achmatowicz rearrangement and RuO4-catalyzed dihydroxylation for the construction of the tetrahydro-
pyran moiety and the dithiane addition to the aldehyde for the introduction of the side chain.
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Symbiodinolide (1,Fig. 1) is a polyol marine natural product iso-
lated from dinoflagellate Symbiodinium sp.! This molecule exhibits
voltage-dependent N-type Ca?* channel-opening activity at 7 nM
and COX-1 inhibition activity at 2 uM. The planar structure of 1
was elucidated by the detailed 2D NMR analysis. However, the
huge and complex molecular structure of 1 featuring a molecular
weight of 2860 and the presence of 61 chiral centers has hampered
the complete stereochemical determination. Therefore, we are now
performing the chemical degradation of the natural product’? and
chemical synthesis of the fragments® on 1 toward the complete
stereostructural elucidation. With regard to the C91-C99 carbon-
chain moiety, the stereochemical assignment was executed on
the basis of 3J,;y analysis and NOE correlations.! Previously, we
synthesized the C79-C96 fragment by using spiroacetalization
and Kotsuki coupling as the key transformations.>? Herein, as a part
of our synthetic and structural studies of 1, we report the stereose-
lective synthetic route to the C94-C104 fragment.

Our retrosynthetic analysis of the C94-C104 fragment 2 is
outlined in Scheme 1. We envisaged that the carbon-framework
of 2 could be constructed through the coupling between dithiane
3 and aldehyde 4. The vicinal oxygen-functionalized moiety at
the C101 and C102 positions could be stereoselectively introduced
by dihydroxylation of enone 5. The carbon-skeleton of the methyl
acetal 5 could be constructed via Achmatowicz rearrangement” of
optically pure alcohol 6, which could be prepared from commer-
cially available furfuryl alcohol.

Stereoselective construction of the tetrahydropyran part is
described in Scheme 2. Treatment of furfuryl alcohol with t-butyl-

* Corresponding authors. Tel.: +81 86 251 7839; fax: +81 86 251 7836 (H.T.).
E-mail address: takamura@cc.okayama-u.ac.jp (H. Takamura).
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Figure 1. Structure of symbiodinolide (1).

dimethylsilyl chloride (TBSCl)/imidazole gave TBS ether 7 in 96%
yield.® Regioselective lithiation of the furan 7 with n-BuLi followed
by the addition of 2-benzyloxy acetaldehyde 8° provided racemic
alcohol 9. Albright-Goldman oxidation” of 9 and subsequent asym-
metric transfer hydrogenation of the resulting furfuryl ketone with
HCO,H/Et5N in the presence of (S,S)-Noyori catalyst 10 (2 mol %)8
afforded the chiral alcohol 6 as a single stereoisomer, as judged
by the 400 MHz 'H NMR spectra of the corresponding MTPA esters.
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Scheme 1. Retrosynthetic analysis of the C94-C104 fragment 2.

The absolute configuration of the resulting asymmetric center was
confirmed by the modified Mosher method.® Exposure of the alco-
hol 6 to the Achmatowicz conditions* (NBS in THF/H,0) yielded
the desired rearrangement product 11 as a 1:1 diastereomeric mix-
ture, which was unstable, therefore, treated immediately with
(MeO)s;CH in the presence of BF5-OEt, in Et,0 at 0 °C to give the
methyl acetal 5 in 67% yield in two steps, along with its C103-epi-
mer (10% yield in two steps). Next, we examined the stereoselec-
tive dihydroxylation of the enone 5. When the enone 5 was
subjected to the OsO4-dihydroxylation conditions, the reaction
did not proceed at all. We speculated that this unfortunate phe-
nomenon resulted from the electron-deficient character of the
enone 5. Therefore, the dihydroxylation of 5 was carried out with
RuCl3/NalOQ, in the presence of ZnCl, as a Lewis acid at 0 °C, which
are efficient conditions to the electron-deficient alkenes,'° to afford
the desired diol 12 in 73% yield as the sole product.'’ The stereo-
chemistries at the C101 to C103 positions were verified by NOE
correlations and coupling constants. Thus, the observed NOEs of

H-99/H-101 and H-99/0CH3-103 of 12 confirmed that they were
in a syn relationship to each other. The small magnitude of
3]101‘102 (3.6 Hz) indicated the syn correlation of these protons.
Although the detailed conformational analysis of 5 was not carried
out, the stereochemical outcome in the dihydroxylation can be
rationalized by the steric repulsion between the methoxy group
at the C103 position and the ruthenium reagent. After the vicinal
diol moiety of 12 was protected as an acetonide, reduction with
NaBH, proceeded stereoselectively to provide axial alcohol 13.
The resulting configuration at the C100 position was determined
by the observed 3Jg9 100 (5.5 Hz). The alcohol 13 was transformed
into the corresponding S-methyl dithiocarbonate in 97% yield,
which was deoxygenated under Barton-McCombie conditions'?
to afford tetrahydropyran 14 in 93% yield.

Next objective was to introduce the side chain, stereoselectively.
Removal of the benzyl protective group of 14 with LiDBB'? and
subsequent Parikh-Doering oxidation!* gave the aldehyde 4
(Scheme 3). Deprotonation of the dithiane 3'° with n-BuLi at room
temperature for 15 min, which were found to be the optimal condi-
tions by the deuterium exchange experiments, and subsequent
reaction of the resulting anion with the aldehyde 4 yielded alcohol
15 as a single stereoisomer.'® The stereoselectivity can be under-
stood by a Felkin-Anh model'” as illustrated in TS1. Treatment of
15 with Dess-Martin periodinane (DMP)'®/pyridine afforded the
corresponding ketone in 95% yield, which was reduced with DI-
BAL-H to provide the desired alcohol 16 in quantitative yield. The
dithioacetal moiety of 16 was hydrolyzed with NCS/AgNOs in aque-
ous CH5CN'® to afford a-hydroxy ketone 17. Chelation-controlled
reduction of 17 with Zn(BH,),?° furnished the desired diol 2 as a
single stereoisomer.?! The absolute configuration at the C97 posi-
tion was confirmed by the modified Mosher method® using the
mono-MTPA esters derived from 2.

In conclusion, we have synthesized the C94-C104 fragment 2 of
symbiodinolide (1) from furfuryl alcohol, which is the key synthetic
intermediate for the synthesis of the C79-C104 fragment. The syn-
thetic route features Achmatowicz rearrangement, RuO4-catalyzed

Scheme 2. Synthesis of 14.
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Scheme 3. Synthesis of 2.

dihydroxylation, and coupling between the dithiane and the alde-
hyde. Further synthetic and structural studies on 1 are currently
underway and will be reported in due course.
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ABSTRACT

(—)-Ternatinis a highly methylated cyclic heptapeptide isolated from mushroom Coriolus versicolor. Tern-
atin has an inhibitory effect on fat accumulation in 3T3-L1 adipocytes. [p-Leu’Jternatin, a ternatin deriv-
ative, also inhibited fat accumulation in 3T3-L1 cells, although the effectiveness of [p-Leu’]ternatin was
lower than that of ternatin. In this study, we investigated the effects of ternatin and [p-Leu’]ternatin on
obesity and type 2 diabetes in KK-A” mice, an animal model for spontaneously developed type 2 diabetes.
We continuously administered ternatin (8.5 or 17 nmol/day) or [p-Leu’]ternatin (68 nmol/day) to mice
via a subcutaneous osmotic pump. Unexpectedly, neither ternatin nor [p-Leu’]ternatin affected body
weight or adipose tissue weight in KK-A” mice. In contrast, it was demonstrated that both ternatin and
[p-Leu’Jternatin suppress the development of hyperglycemia. In liver, the SREBP-1c mRNA level tended
to be lower or significantly decreased in mice treated with ternatin or [p-Leu’]ternatin, respectively.
Moreover, we found that ternatin directly lowered the SREBP-1c mRNA level in Hepa1-6 hepatocyte cells.
This study showed that ternatin and [p-Leu’]ternatin each had a preventive effect on hyperglycemia and
a suppressive effect on fatty acid synthesis in KK-A” mice.

1. Introduction

Type 2 diabetes is the leading cause of chronic kidney disease
(diabetic nephropathy), blindness (diabetic retinopathy), and non-
traumatic lower-limb amputations {diabetic neuropathy). The inci-
dence of type 2 diabetes is dramatically increasing due to changes
in lifestyle such as in diet and activity level [1]. The interaction
between impaired insulin secretion and insulin resistance is in-
volved in the development of type 2 diabetes. Obesity is a major
risk factor for insulin resistance, type 2 diabetes, dyslipidemia, car-
diovascular disease, and fatty liver. A strong link between obesity
and insulin resistance has been reported in animals and human
studies [2]. Therefore, the amelioration of obesity leads to both

Abbreviations: ACC, acetyl-CoA carboxylase; C/EBP-a, CCAAT/enhancer binding
protein-a; FAS, fatty acid synthase; PPAR-y, peroxisome proliferative activated
receptor-y; SREBP-1c, sterol regulatory element binding protein-1c.
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the improvement of insulin sensitivity and the prevention of type
2 diabetes.

Various natural products, including crude extracts and isolated
compounds, from plants or plant parts such as various berries
[3-7], soybean [8,9], tea plant (Camellia sinensis) [10,11], and lotus
(Nelumbo nucifera) [12]), reportedly have physiological effects,
such as the inhibition of lipase activity, the suppression of appetite,
the stimulation of energy expenditure, the inhibition of adipocyte
differentiation, and the regulation of lipid metabolism [13].
Numerous components from natural products can be utilized to
safely treat diet-induced obesity and type 2 diabetes.

(—)-Ternatin (ternatin) is a highly methylated cyclic heptapep-
tide isolated from mushroom Coriolus versicolor [14,15]. Although
ternatin had been known as an anti-bacterial or anti-microbial
compound, its inhibitory effect on fat accumulation was recently
shown by using 3T3-L1 adipocytes [14]. In preadipocytes at the
early stage of differentiation, ternatin reduced the mRNA levels
of CCAAT/enhancer binding protein-a (C/EBP-a and sterol regula-
tory element binding protein-1c (SREBP-1c), and tended to sup-
press the peroxisome proliferative activated receptor-y (PPAR-y
mRNA level [16]. This suppression of preadipocyte differentiation
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brought about the reduction of mRNA levels of adipocyte fatty acid
binding protein (aP2), lipoprotein lipase, fatty acid synthase (FAS),
and acetyl-CoA carboxylase 2 (ACC2), and led to the reduction of
cellular lipid accumulation [16]. In the differentiated 3T3-L1 adipo-
cytes, ternatin treatment also reduced triglyceride synthesis, but
ternatin’s effectiveness in differentiated adipocytes was lower than
that observed in the preadipocytes [16].

[p-Leu’]ternatin, a ternatin derivative, was also demonstrated
to inhibit fat accumulation in 3T3-L1 cells, and the effective dose
of [p-Leu’Jternatin was eight times that of ternatin [17]. The cyto-
toxicity value (ICso) of [p-Leu’]ternatin was 12-fold higher than
that of ternatin [17). From these results, [p-Leu’]ternatin’s inhibi-
tion of fat accumulation was lower than ternatin’s, but the low tox-
icity of [p-Leu’]ternatin is beneficial. The mechanism underlying
this derivative’s action is thought to be similar to that of ternatin.
In addition, it is unclear whether ternatin and [p-Leu’]ternatin
have an anti-obesity effect or an anti-diabetic effect in vivo. From
this background, in the present study we investigated whether
the administration of ternatin or [p-Leu’]ternatin suppresses the
development of obesity and type 2 diabetes in KK-A” mice, a model
for spontaneously developed type 2 diabetes.

2. Materials and methods
2.1. Animals

Four-week-old male KK-A” mice (CLEA, Tokyo, Japan) were pur-
chased and acclimatized for 1 week before the experiments began.
All mice were maintained at a controlled temperature of 23 + 3 °C
and 55 £ 5% humidity on a 12-h light/dark cycle and allowed
free access to water and a standard laboratory diet (CE-2; CLEA).
The composition of the diet was as follows: protein, 254 g/kg;
fat, 51 g/kg; non-nitrogenous substances, 506 g/kg; crude fiber,
35 g/kg; crude ash, 67 g/kg; energy, 15.2 M]/kg; sufficient minerals
and vitamins to maintain the health of the mice.

2.2. Administration of ternatin or [p-Leu’] ternatin derivative in KK-A”
mice

Ternatin was synthesized according to the method previously
described [14]. [p-Leu’ternatin derivative was synthesized by
Peptide Institute Inc. (Osaka, Japan). Ternatin was administered to
each mouse at a dose of 8.5 or 17 nmol/day via subcutaneous con-
tinuous infusion for 4 weeks using an osmotic pump. [p-Leu’]tern-
atin derivative was also administered to each mouse at a dose of
68 nmol/day. The dose of the [p-Leu’]Jternatin derivative was calcu-
lated from the compound’s inhibitory effect on fat accumulation in
3T3-L1 cells [17]. The concentration (ECso) of [p-Leu’]ternatin
derivative showing a 50% effect of the compound’s maximum fat
accumulation inhibition of this compound was eight times that of
ternatin. These cyclic peptides were dissolved in 70% DMSO and
loaded into osmotic minipumps (model 1004; Alzet, Cupertino,
CA) according to the manufacturer’s protocol. Control groups re-
ceived pumps loaded with vehicle (70% DMSO in sterile water).
An osmotic pump was surgically inserted subcutaneously into the
back of each mouse.

2.3. Experimental procedure in mouse

Experiment 1: Mice were divided into three groups and subcuta-
neously administered vehicle (control group, 6 mice), 8.5 nmol/day
ternatin (8.5 nmol ternatin group, 7 mice), or 17 nmol/day ternatin
(17 nmol ternatin group, 6 mice) via the osmotic pumps. Experiment
2: Mice were divided into two groups and administered vehicle

(control group, 6 mice) or 68 nmol/day [p-Leu’]ternatin derivative
([p-Leu”] group, 6 mice) via the osmotic pumps.

The mice were allowed free access to drinking water and diet
(CE-2; CLEA) for 4 weeks. Blood samples were collected from the
tail vein once a week to measure the serum glucose concentration.
Blood was collected from the tail vein at 10:00 after 1-h diet depri-
vation. The collected blood was kept at room temperature for
15 min for coagulation. The serum was then obtained from the
coagulated blood by centrifugation at 2430g for 10 min at 4 °C.
The serum was kept at —30 °C prior to use. Serum glucose was mea-
sured by the assay kit using the glucose oxidase method, Glucose
ll-test (Wako Pure Chemical, Osaka, Japan). At the end of the exper-
iment, the mice were killed by decapitation, and serum, liver, and
fat pad were collected. The animal care and experimental proce-
dures were approved by the Animal Research Committee of Nagoya
University and were conducted according to the Regulations for
Animal Experiments at Nagoya University.

2.4. Serum components analysis

Serum triglyceride and cholesterol concentrations were, respec-
tively measured by a Triglyceride-E test (Wako Pure Chemical) and
a Cholesterol-E test (Wako Pure Chemical). A commercially avail-
able ELISA kit was used to determine the serum concentration of
insulin (Morinaga Seikagaku, Kanagawa Japan).

2.5. Hepatic lipids analysis

Frozen livers were homogenized in chloroform/methanol (2:1),
and liver lipids were extracted into organic solvents. A portion of
this extract was dried, and the triglycerides in this dried material
were measured by the Triglyceride-E test. Another portion of the
extract was also used to measure total lipid content according to
the method of Folch et al. [18].

2.6. RNA preparation and gene expression analysis

Total RNA was extracted from frozen tissues using TRIzol reagent
(Invitrogen, Carlsbad, CA). It was then treated with DNase using a
TURBO DNA-free kit (Ambion, Austin, TX). cDNA was synthesized
using a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). Gene expression was quantified by
real-time PCR using an ABI 7300 real-time PCR system with the
Thunderbird gPCR Mix or the Thunderbird SYBR qPCR Mix (Toyabo,
Tokyo, Japan). TagMan primers and probes were used to determine
mRNA levels of PPAR-y (TagMan Gene Expression Assays, MmO1
184322_m1, Applied Biosystems) and 18S rRNA (Pre-developed
TagMan Assay Reagents, Eukaryotic 18S rRNA, Applied Biosystems).
The primers for SYBR Green assay were as follows: ACC sense, 5'-TG
ACAGACTGATCGCAGAGAAAG-3'; ACC antisense, 5'-TGGAGA CCCCA
CACACA-3; B-acitn sense, 5'-AGATGACCCAGATCATGTTTGAGA-3';
B-actin antisense, 5'-CACAGCCTGGATGGCTACGT-3' FAS antisense,
5-TCAGCCACTTGAGTGTCCTC-3'; SREBP-1c sense, 5-GGAGC CATG
GATTGCACATT-3’; SREBP-1c antisense, 5-GGCCCGGGAAGTCACT
GT-3'; FAS sense, 5-GGGTTCTAGCCAGCAGAGTC-3'. The level of
each mRNA was normalized to that of the corresponding 18S rRNA
(KK-A* mice) or B-actin (Hepa1-6).

2.7. Ternatin treatment in Hepal-6 cells

Hepa1-6 cells (RBRC-RCB1638 RIKEN BRC Cell Bank, Japan) were
grown in high-glucose Dulbecco’s modified Eagle medium (DMEM,
Wako Pure Chemical) supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin, and 100 pg/ml streptomycin at 37 °C in
a 5% CO,-humidified incubator. To examine the cellular toxicity of
ternatin, Hepal-6 cells were treated with DMSO (vehicle} or

—100 —
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ternatin (1.3, 13, 130 nM, 1.3, and 13 uM, dissolved in DMSO) for
30 h. After this culture, cell viability was assayed by a Cell Counting
Kit-8 (Dojindo, Kurnamoto, Japan).

To examine ternatin's effect on various mRNA levels, Hepal-6
cells were seeded on 12-well plates (2 x 10° cells per well) on
day 0. On day 1, DMSO or ternatin (1.3 and 13 nM) was added to
the culture medium. Forty-eight hours after this addition, cells
were harvested and used for measuring various mRNA levels.

2.8. Statistical analysis

All results are expressed as means + SEM. Phenotypic data were
statistically analyzed by one-way ANOVA, and a subsequent Dun-
net’s test was carried out to compare the means of all groups
(experiment 1 and Hepal-6 cells). In experiment 2, phenotypic
data were statistically analyzed by either Student’s t test or
Welch'’s test. When the variances of each group were equal, mean
values were compared using the former test. When the variances
of each group were unequal, the significance of differences was
determined using the latter test. Values of P < 0.05 were considered
statistically significant (StatView; SAS Institute, Cary, NC).

3. Results

3.1. Administration of ternatin (8.5 or 17 nmol/day) in KK-A" mice
(experiment 1)

KK-A” mice were administered vehicle (control) or either 8.5 or
17 nmol/day ternatin. The initial body weight, final body weight,
and total food intake did not differ among the three groups
(Table 1). At the beginning of the experiment (5 weeks of age), the
blood glucose concentration in the control group was 230 + 9 mg/dl
(Fig. 1A). The blood glucose concentrations in the control group
were increased dramatically, reaching 533 mg/dl by the end of the
experiment. The blood glucose concentrations at 2 and 3 weeks into
the experiment were significantly lower in the 8.5 nmol ternatin
group than in the control group. At 3 weeks into the experiment,
the blood glucose concentration in the 17 nmol ternatin group was
also significantly lower than that in the control group. The liver
weight (g) tended to be lower in the 17 nmol ternatin group than
in the control group (Table 1, p = 0.084). Liver triglyceride content
and liver total lipids were significantly lower in the 17 nmol ternatin
group thanin the control group (Fig. 1B and C). The values of liver tri-
glyceride content and liver total lipid content in the 8.5 nmol terna-
tin group were similar to those in the 17 nmol ternatin group, and
the values in the 8.5 nmol ternatin group were not significantly
different from those in the control group. The tissue weights of sub-
cutaneous fat, epididymal fat, retroperitoneal fat, and mesenteric fat

Table 1
Body composition, food intake, and serum parameters in the control, the 8.5 nmol
ternatin group, and the 17.5 nmol ternatin group

Control 8.5 nmol 17 nmol
ternatin ternatin

Initial body weight (g) 18.9+0.2 18.8+03 189+02
Final body weight (g) 414+09 414+06 402 +1.3
Total food intake (g) 1351+22 1307 £3.7 1323 +4.0
Tissue weight (g)
Liver 2.67 £0.10 2.51+0.08 242 +0.06
Subcutaneous fat 1.10+0.14 102+0.14 1.04+0.10
Epididymal fat 1.33+£0.05 1.34+0.05 1.29+0.05
Retroperitoneal fat 0.33+002 032+0.01 035+0.03
Mesenteric fat 0.64 +0.03 0.64 + 0.05 0.59 £0.07
Serum insulin (ng/mL) 13.2+34 10.1£2.0 109+1.4
Serum triglyceride (mg/dL) 292+18 349 + 20 316+13
Serum cholesterol (mg/dL) 141+4 128 +6 141+ 4

in the 8.5 nmol or the 17 nmol ternatin group were not different
from those in the control group (Table 1). The serum concentrations
of insulin and lipids (triglycerides and cholesterol) did not differ
between the control and two ternatin groups (Table 1).

Previously, it was reported that ternatin or [p-Leu’]ternatin
derivative decreased the mRNA levels of genes regulating adipo-
genesis in 3T3-L1 adipocytes [16]. In the present study, the mRNA
levels of PPAR-y and SREBP-1c in the epididymal fat did not differ
among these three groups (Fig. 1E). The mRNA levels of FAS or ACC
tended to be lower in the 8.5 or 17 nmol ternatin group than in the
control group.

In this study, 17 nmol ternatin significantly decreased liver tri-
glyceride content and liver total lipid content (Fig. 1B and C).
Therefore, we also measured the mRNA levels of PPAR-y, SREBP-
1c, FAS, and ACC in the liver (Fig. 1D). In the liver, the mRNA level
of PPAR-v, a key regulator of adipogenesis, was not changed among
the three experimental groups (Fig. 1D). The SREBP-1¢c mRNA level
in the 8.5 nmol ternatin group tended to be lower than that in the
control (p=0.06). However, the mRNA levels of FAS and ACC,
which regulate fatty acid synthesis, were not lower in either tern-
atin group compared to the control group (Fig. 1D).

3.2. Administration of [p-Leu’Jternatin derivative (68 nmol/day) in
KK-AY mice (experiment 2)

The dose of {p-Leu’]ternatin derivative was eight times that of
the 8.5 nmol ternatin group. The final body weight and total food
intake were not different between the control and [p-Leu’] groups
(Table 2). Liver weight was significantly lower in the [p-Leu’] group
than in the control group (Table 2). However, the liver triglycerides
and total lipid content in the [p-Leu’| group was not decreased
compared to those in the control group (Table 2). Similar to the
result in experiment 1, the [p-Leu’ Jternatin derivative had no effect
on white adipose tissue weights, such as subcutaneous fat and epi-
didymal fat, or on serum insulin concentration (Table 2). The blood
glucose concentration at 3 weeks into the experiment was signifi-
cantly lower in the [p-Leu’] group (354 + 30 mg/d!) than in the
control group (466 * 34 mg/dl, p = 0.03) (Fig. 2A).

In experiment 1, we found that the administration of ternatin
tended to decrease the hepatic SREBP1c mRNA level (Fig. 1D),
but not significantly, and also decreased the FAS mRNA level in epi-
didymal fat (Fig. 1E). Therefore, we also determined the mRNA lev-
els of lipogenic genes in liver and epididymal fat in experiment 2
(Fig. 2B and C). In liver, the SREBP-1c mRNA level was significantly
lower in the [p-Leu’] group than in the control group (Fig. 2B).
Unexpectedly, in epididymal fat, the FAS mRNA level was signifi-
cantly higher in the [p-Leu’] group than in the control group
(Fig. 2C). The [p-Leu’]ternatin derivative had no effect on PPAR-y
or ACC mRNA levels in both tissues.

3.3. The effect of ternatin in mouse Hepal-6 cell line

Although data are not shown, the treatment with 1.3 and 13 nM
ternatin did not show cytotoxicity in mouse Hepal-6 cells at ail.
However, the higher dose of ternatin reduced the number of viable
cells (27% reduction at 130 nM; 54% reduction at 1.3 uM; and 63%
reduction at 13 pM compared to that of the control (DMSO)). The
mRNA levels of SREBP-1¢, ACC, and FAS in Hepal-6 cells were mea-
sured after 1.3 and 13 nM ternatin treatment (Fig. S1). The mRNA
levels of SREBP-1c and ACC were significantly decreased by
13 nM ternatin but not by 1.3 nM ternatin. The treatment with
1.3 or 13 nM ternatin did not affect the FAS mRNA level. Although
data are not shown, the cellular triglyceride contents were not
changed by 30 h treatment with 13 nM ternatin.
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Fig. 1. The blood glucose concentrations, liver lipids, and gene expression levels in KK-A” mice administered DMSO (control, n = 6) or ternatin (8.5 nmol (n = 7) and 17 nmol
(n=6), experiment 1). (A) Blood glucose concentrations in the control, 8.5 nmol ternatin, and 17 nmol ternatin groups. (B) Liver triglyceride content and liver total lipid
content in the three groups at 4 weeks into the experiment. The liver mRNA levels (D) and the epididymal fat mRNA levels (E) of PPAR-y, SREBP-1¢, FAS, and ACC. The mRNA
level of the control group was set as 1, and the relative mRNA levels of the ternatin groups were expressed as fold changes with respect to the control. The data are expressed

as mean * SEM. *P < 0.05 vs control group.

4. Discussion

It has been reported that ternatin or its derivative [p-Leu’]terna-
tin suppressed the expression of lipogenic genes and inhibited fat
accumulation in cultured adipocytes [14,16,17]. These data imply
that ternatin or its derivative [p-Leu’]ternatin may be a valuable
drug for the treatment of obesity. Therefore, it is necessary to dem-
onstrate the in vivo effect of ternatin or its derivative. The primary
aim of this study is to investigate the anti-obesity effect of ternatin
or its derivative [p-Leu’ |ternatin in an obese animal model. To inves-
tigate this effect, in the present study we selected continuous subcu-
taneous administration of ternatin by an osmotic pump, because we
had no data on the absorption rate of ternatin or its derivative from
intestine. We estimated that a dose of 8.5 or 17 nmol/day ternatin
brought about its effective concentration in blood, which inhibits
fat accumulation in 3T3-L1 cells [16]. Unexpectedly, in mice, terna-
tin or its derivative did not show any anti-obesity effect such as de-
creased adipose tissue weight (Tables 1 and 2). On the other hand,

Table 2
Body composition, food intake, and serum parameters in the control and the 68 nmol
[p-Leu’]ternatin groups.

[p-Leu?]
Final body weight (g) 396x05 39.7+0.7
Total food intake (g) 1405+28 136.6+2.8
Tissue weight (g)
Liver 2.50 £0.04 2.28 £0.04°
Subcutaneous fat 1.28+0.10 1.30£0.10
Epididymal fat 1.29+0.04 125+006
Serum insulin (ng/mL) 13626 99+15
Serum triglyceride (mg/dL) 346+29 312+23
Serum cholesterol (mg/dL) 1157 1198
Liver TG (mg/100 g bw) 61.7+6.7 784+3.9
Liver total lipids (mg/100 g bw) 237 %22 25116

“ P<0.05 vs control group.

fortunately, we demonstrated for the first time that ternatin or
its derivative had a suppressive effect on the development of
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hyperglycemia (Figs. 1A and 2A). In addition, we found that ternatin
suppressed the expression of SREBP-1¢, which accelerates fatty acid
synthesis, in liver and hepatocytes, and that this effect of ternatin
might be due to its direct action (Fig. S1). This result suggested that
ternatin suppresses the accumulation of liver lipids in mice.

In this study, ternatin administration showed an anti-diabetic
effect but not an anti-obesity effect. However, it was reported that
the oral administration of ternatin in C57BL/6 mice reduced subcu-
taneous and visceral fat weights [19]. The dosage of ternatin (5 mg/
kg body weight/day) in C57BL/6 mice [19] was calculated as about
170 nmol/day. This dosage of ternatin in the previous C57BL/6
study was about 10-20 times that administered in this study.
We speculate that this discrepancy in ternatin’s effect between
the present study and the previous study was caused by the differ-
ences in both the dose and manner of administration.

Ternatin or [p-Leu’]ternatin inhibited the fat accumulation in
3T3-L1 adipocytes [16,20]. It was speculated that this inhibitory
effect was provided by the reduction in the expression of lipogenic
genes, such as PPAR-vy, SREBP-1¢, FAS, and ACC, and by the increase
in lipolysis [16}]. In this study, ternatin administration tended to
reduce the FAS mRNA level in epididymal fat (Fig. 1E). However,
ternatin treatment in KK-A” mice did not change several adipose
tissue weights or epididymal fat mRNA levels of PPAR-y and
SREBP-1c¢ (Fig. 1E and Table 1). In a previous report, in 3T3-L1 pre-
adipocytes, 130 nM ternatin in medium decreased lipogenic gene
expression and intracellular lipid content [16]. In differentiated
3T3-L1 adipocytes, 1300 nM ternatin but not 130 nM ternatin in
the medium lowered PPAR-y and SREBP-1c mRNA levels and re-
duced the intracellular lipid content [16]. The effective dose of

ternatin (1300 nM) in differentiated 3T3-L1 adipocytes was much
higher than its effective dose in preadipocytes [17]. As mouse adi-
pose tissue is composed mostly of differentiated adipocytes, we
suppose from the present results that ternatin hardly inhibits fat
accumulation in adipose tissue of KK-A” mice.

In rat primary hepatocytes, ternatin suppressed the triglyceride
synthesis and enhanced fatty acid oxidation [16]. We also mea-
sured the mRNA levels of lipogenic genes in liver and found that
the SREBP-1c mRNA level tended to be decreased in the ternatin
groups (Fig. 1D). Consistent with this reduction of SREBP-1c mRNA
level in liver, the present study demonstrated for the first time that
ternatin administration reduced liver triglyceride content and liver
total lipid content (Fig. 1B and C).

Similar to the results with ternatin, [p-Leu’]ternatin did not sup-
press either body weight gain or fat accumulations in subcutaneous
and visceral fat (Table 2). In contrast, we demonstrated that not
only ternatin but also its [p-Leu’]ternatin derivative had an anti-
diabetic effect in KK-A" mice (Fig. 2A). In liver, [p-Leu’]ternatin
treatment also significantly decreased the SREBP-1c mRNA level
(Fig. 2B). However, liver triglyceride content and liver total lipids
were not decreased in mice administered [p-Leu’|ternatin (Table
2). At present, we cannot explain the reason why [p-Leu’]ternatin
did not reduce liver triglyceride content. These results showed that
the administration of ternatin or [p-Leu’]ternatin consistently sup-
pressed the hepatic expression of the SREBP-1¢ gene in KK-A” mice.
Insulin, an activator of SREBPs, is known to increase the expression
of the SREBP-1c gene and proteolytic processing of SREBP proteins
[21]. Therefore, we tried to clarify whether or not ternatin directly
suppresses the expression of the SREBP-1¢ gene in a murine
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hepatocyte cell line, Hepa1-6. Consequently, we detected decreased
SREBP-1¢ and ACC mRNA levels by ternatin treatment (13 nM)
(Fig. S1). These results suggested that the hepatic expression of
the SREBP-1c gene was directly suppressed by ternatin, not by the
change in serum insulin concentration in KK-A” mice. In addition,
the reduction in serum insulin concentration in mice administered
ternatin and [p-Leu’]ternatin might partially contribute to the
decrease in the hepatic SREBP-1c mRNA level.

In conclusion, we determined the effects of ternatin and of
[p-Leu’]ternatin on obesity and type 2 diabetes in spontaneously
diabetic/obese KK-A” mice. Ternatin and [p-Leu’]ternatin, at the
dose adopted in this study, did not affect either adipose tissue
weights or lipogenic genes (such as PPAR-y and SREBP-1c) expres-
sion in adipose tissue. We revealed for the first time that ternatin
and [p-Leu’]ternatin partially suppress hyperglycemia in KK-A”
mice. Interestingly, it was suggested that ternatin directly de-
creases hepatic TG synthesis by reducing the expression of the
SREBP-1c gene. Ternatin and its derivative might improve hepatic
TG metabolism, leading to the amelioration of type 2 diabetes.
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Thiopyrimidine pairs in DNA duplexes were unexpectedly largely
stabilized by complexation with two equivalents of Ag(1) ions and
their binding properties were evaluated. The metal ion-binding
properties of the thiopyrimidine base pairs differed significantly
from those of unpaired bases.

In recent years, a great deal of effort has gone toward capturing
certain metal ions using DNA strands. Complexes made from
metal ions and DNA have been applied toward the development
of new materials such as DNA-based wires and sensors capable of
detecting various metal ions in aqueous solution.'“ In metal
ion-mediated base pairs (metallobase pairs), the hydrogen bonds
of Watson—Crick base pairs in natural DNA are replaced by
metal-base bonds. Metallobase pairs in DNA duplexes may also
be generated using only naturally occurring pyrimidine bases.
Thymine-thymine (T-T) and cytosine—cytosine (C—C) mismatches
in duplexes selectively capture Hg(ir) and Ag(1) ions to form the
corresponding metal-mediated base pairs T-Hg-T and C-Ag-C.
Because the binding of Hg(1) to the T-T pair is highly selective,
many DNA-based sensors have been developed for selectively
detecting Hg(1) ions in aqueous solutions containing various
heavy metal ions.??"*

To develop methods for binding metal ions to DNA strands,
synthetic oligodeoxyribonucleotides containing various artificial
bases have been created to form specific metallobase pairs.”” To
expand the selectivity and variety of metal ions binding to
nucleobases, the concept of “hard and soft acids and bases”
(HSAB) is a useful guideline. In general, base pairs containing
sulfur atom(s) can be expected to incorporate various heavy
metal ions. However, few studies have reported on the binding of
metal ions to base pairs containing sulfur atoms in DNA
duplexes. Zimmermann et al." described Ag(l) ion binding to
an artificial base-pair having methylthio side-chains. Takezawa
and collaborators* reported that nucleosides having mercapto-
pyridione or hydroxypyridinethione bases were able to capture
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1 Electronic supplementary information (ESI) available: Synthesis of
oligonucleotides, HPLC profiles and MALDI-TOF MS spectra of
these oligonucleotides, thermal denaturation profiles, ESI-TOF MS
spectra and CD spectra of duplexes. See DOI: 10.1039/c2cc15436f

Pd(1r) and Ni(t) ions. In the report, they predicted that artificial
bases, once incorporated into DNA strands, may efficiently and
selectively capture desired metal ions.

Thiopyrimidine nucleotides are observed in RNAs in cells as
minor bases.”> Metal ion binding properties of thiopyrimidine
nucleosides and nucleotides have been examined. Thiopyrim-
idine nucleosides (2-thiouridine, 4-thiouridine, 2,4-dithiouridine, 5-
carboxymethyl-2-thiouridine) and mononucleotides (2-thiouridine
5’-monophosphate, 4-thiouridine 5'-monophosphate) form com-
plexes with divalent metal ions such as Ni(i), Cu(ir), and Cd(ur).®
Also, 4-thiothymine, when placed in the loop region of a DNA
hairpin structure, reportedly shows an affinity for divalent
heavy metal ions such as Cd(ir) and Cu(ir).” However, the metal
ion-binding properties of thiopyrimidine pairs in duplexes have not
been reported. The current study investigated the metal ion-binding
properties of DNA duplexes containing the thiopyrimidine—
thiopyrimidine base pairs 2-thiothymine—2-thiothymine (S2-S2)
and 4-thiothymine—4-thiothymine (S4-S4) by thermal denaturation
and ESI-MS methods. The binding properties of the thiopyrimi-
dine pairs in duplexes differed from those of unpaired bases.

The chemical structures of the thiopyrimidine bases and DNA
duplexes containing thiopyrimidine pairs used in this study are
shown in Fig. 1. Oligodeoxynucleotides (ODNSs) containing S2,
S4, and 4-thiouracil (SU) were prepared using commercially
available phosphoramidite units.® Oligodeoxyribonucleotides
containing 4-methylthiouracil (M*SU) were prepared as described
by Coleman and Kesicki.” Details are provided in the ESLf
Because of difficulties in purification, ODNs containing M°SU
were composed of a simple, thymine-rich sequence. All of
the oligonucleotides were purified by reverse-phase HPLC
and their identity was confirmed by MALDI-TOF MS
analyses.
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Fig. 1 Chemical structures of thiopyrimidine bases and DNA duplexes
containing thiopyrimidine pairs.
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Fig. 2 Thermal denaturation experiments were performed in solutions
each containing 2 pM duplex, 10 mM MOPS (pH 7.0) and 100 mM
NaNO; in the presence of various concentrations of Ag(l) ions.
(a) duplex-S2 and (b) duplex-S4. open circles = no metal ions, open
triangles = 1 equiv. Ag(1) ions, closed triangles = 2 equiv. Ag(1) ions,
closed circles = 3 equiv. Ag(1) ions.

The metal ion-binding properties of duplex-S2 and duplex-S4
were evaluated by thermal denaturation. Similar to duplexes
containing a T-T pair, both duplexes were stabilized by the
addition of Hg(m) ions (for further information on the binding
properties of Hg(i1) see Fig. S4, ESIT). Duplex-S4 was stabilized
to some extent by the addition of excess Cu(ir) ions. The same
treatment, however, had no effect on the transition curve of
duplex-S2 (Fig. S10, ESIt). Thermal denaturation profiles did
not change significantly in the presence of Mg(), Ca(ir), Fe(i),
Co(m), Ni(), Zn(1r), Pd(mr), Cd(m), or Pt(m) ions (Fig. S8 and S9,
ESIf). In contrast, duplexes were unexpectedly and largely
stabilized in the presence of Ag(i) ions.

Thermal denaturation profiles of duplex-S2 and duplex-S4 in the
presence of various concentrations of Ag(i) are shown in Fig. 2.
Both duplex-S2 and duplex-S4 were stabilized in the presence of
two equivalents of Ag(1) ions (AT, = 23 °C). Additional Ag(1) had
no effect. Thus, two equivalents of Ag(1) were required to fully
stabilize both duplexes. In the presence of less than two equivalents
of Ag(1) ions, two transition curves were observed in each
denaturation profile for both duplexes. The origins of these transi-
tion curves are discussed below.

Fig. 3 shows ESI-MS spectra of duplex-S2 and duplex-S4. In the
presence of two equivalents of Ag(i) ions, peaks corresponding to
a complex consisting of two Ag(1) ions and a duplex were observed
(Fig. 3b and d).

The thermal denaturation profiles and the ESI-MS spectra
both indicate the capture of two Ag(1) ions by duplex-S2 and
duplex-S4. The observed metal ion-binding properties of these
thiopyrimidine pairs are different from those of a T-T pair,
which selectively captures one Hg(11) ion. This is likely due to
the thiocarbonyl groups, metal ion binding properties of which

Fig. 3 ESI-MS spectra of duplex-S2 and duplex-S4 in the (a and c)
absence and (b and d) presence of 2 equiv. of Ag(1) ions, respectively.

Fig. 4 (a) pK, values and (b) proposed binding schemes of Ag(1)-mediated
thiopyrimidine base pairs.

should be different from those of the carbonyl group of thymine.
Another considerable difference between the thiopyrimidines and
thymine is the relative acidity of their imino protons; pK, values
of the thiopyrimidines are smaller than that of thymine (Fig. 4a).>

Fig. 4b shows proposed binding schemes for the thiopyrimi-
dine base pairs and Ag(1) ions. An imino or a thioenol proton of
a thiopyrimidine residue, which is more acidic than the imino
proton of thymine, is replaced by one Ag(i) ion, resulting
in thiopyrimidine-Ag(1)-thiopyrimidine complexes (Fig. 4b).
Then, another Ag(1) is captured by thiopyrimidine-Ag(1)-
thiopyrimidine complexes, resulting in metallobase pairs bridged
by two Ag(1) ions.

As mentioned above, duplexes containing the thiopyrimidine
pairs were largely stabilized in the presence of Ag() ions. This is a
significant deviation from the metal ion-binding properties of
duplexes containing a T-T pair, on which Ag(i) ions have no
effect. Instead, the metal ion-binding properties of the thiopyrimi-
dine pair were more reminiscent of those of S-fluorouracil pairs
(F-F pair) in a duplex.'® Two equivalents of Ag(1) ions bind a F-F
pair to give a F2Ag(1)-F complex.!®"! ESI-MS experiments
showed that the binding of a second Ag(i) ion to form
F-2Ag(1)-F was relatively weak. Even in the presence of two
equivalents of Ag(1) ions, peaks corresponding to a duplex
with two Ag(1) ions were not observed. However, peaks
corresponding to a duplex with a single Ag() ion were
present.'® Megger and collaborators'? recently reported that
two Ag(1) ions bind Hoogsteen-type base pairs to form a
metallobase pair, 1,3-dideazaadenine—2Ag(1)-thymine. In their
report, data from UV and CD titrations supported the binding
of two Ag(1) ions. However, presumably due to weak Ag(i) ion
binding, peaks corresponding to the Hoogsteen-type base
pairs containing two equivalents of Ag(1) ions were not
observed in the mass spectra. This mode of binding might be
similar to that of Ag(i) binding in F-F pairs. Conversely,
peaks corresponding to complexes consisting of two Ag(1) ions
and a duplex containing a thiopyrimidine pair were seen in the
ESI-MS spectra (Fig. 3).

Substitution of a proton with a Ag(1) ion in the thioenol
structure, which has a relatively lower pK, due to Ag(1)-N3

4348 | Chem. Commun., 2012, 48, 4347-4349
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Fig. 5 Thermal denaturation experiments were performed in solutions
each containing 2 pM duplex, 10 mM sodium cacodylate (pH 7), 200 mM
NaClO,, 5 mM Mg(ClOy),, in the presence of various concentrations of
Ag(1) ions (0-3.0 equivalents). (a) duplex-SU and (b) duplex-""*SU. open
circles = no metal ions, open triangles = 1 equiv. Ag(1) ions, closed
triangles = 2 equiv. Ag(1) ions, closed circles = 3 equiv. Ag(1) ions.

coordination,'? could be a key step in the formation of stable
metallobase pairs bridged by two Ag(1) ions (Fig. 4b). To
evaluate this hypothesis, we prepared a duplex containing a
4-thiouracil-4-methylthiouracil (SU-°SU) pair and compared
its thermal denaturation profiles in the presence of various
concentrations of Ag(1) ions (Fig. 5). To remove a predicted
steric hindrance between the 5-methyl group and 4-methylthio
group in 4-methylthiothymine, a uracil ring was used in these
experiments. As shown in Fig. 5a, duplex-SU, which contained
an SU-SU pair, was fully stabilized in the presence of two
equivalents of Ag(r) ions.'* Conversely, duplex-*1*SU was only
slightly stabilized in the presence of excess Ag(1) ions (Fig. 5b).
This indicates that the binding of a second Ag(i) ion is
important for the stabilization of duplex-SU.

Consequently, a thiopyrimidine—Ag(1)-thiopyrimidine is not
as stable as a thiopyrimidine-2Ag(1)-thiopyrimidine complex.
Therefore, a two-phase transition was observed in denaturation
profiles in the presence of less than two equivalents of Ag(1) ions
(Fig. 2a, b, and 5a),'” the first transition corresponding to the
dissociation of a free duplex and the second to the dissociation
of a complex consisting of a duplex and two Ag(1) ions.

The above study describes the metal ion-binding properties of
thiopyrimidine pairs. The binding properties of thiopyrimidine
pairs were significantly different from those of unpaired bases.
Thiopyrimidine-containing ODNs used in this study are
commercially available and can therefore be used in a broad
variety of applications in laboratories worldwide.

This study was partly supported by a Grant-in-Aid for Scientific
Research (B) (21350105) and the Science Frontier “Construction
and control of chemical space purposing development of new
functionalized molecules and materials” (2006-2011) from the
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(MEXT), Japan.
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ABSTRACT

Developing applications for metal-mediated base
pairs (metallo-base-pair) has recently become a
high-priority area in nucleic acid research, and
physicochemical analyses are important for design-
ing and fine-tuning molecular devices using metallo-
base-pairs. In this study, we characterized the
Hg"-mediated T-T (T-Hg'"-T) base pair by Raman
spectroscopy, which revealed the unique physical
and chemical properties of Hg". A characteristic
Raman marker band at 1586cm~' was observed
and assigned to the C4=04 stretching mode. We
confirmed the assignment by the isotopic shift
(*®0-labeling at 04) and density functional theory
(DFT) calculations. The unusually low wavenumber
of the C4=04 stretching suggested that the bond
order of the C4=04 bond reduced from its canonical
value. This reduction of the bond order can be
explained if the enolate-like structure (N3=C4-04")
is involved as a resonance contributor in the thymine
ring of the T-Hg"-T pair. This resonance includes
the N-Hg"-bonded state (Hg"-N3-C4=04) and the
N-Hg"-dissociated state (Hg"*® N3=C4-04°), and
the latter contributor reduced the bond order of
N-Hg". Consequently, the Hg" nucleus in the
T-Hg"-T pair exhibited a cationic character. Natural
bond orbital (NBO) analysis supports the interpret-
ations of the Raman experiments.

INTRODUCTION

Metal-mediated nucleic acid base pairs are extensively
studied molecules that are of interest because of their
ability to expand the genetic code and provide new mater-
ials for nano-devices (1-15). These artificial base pairs can
be made by substituting the natural nucleobases with a
planar metal chelator in the DNA molecule (1-15). As
an alternative, our group discovered that even the
natural base, thymine, can form a stable mercuryH-
mediated T-T base pair (T-Hg"-T pair) (16-22). The
RNA analogue of this molecule (U-Hg"-U) also exists
as a stable complex (23-25). The metal-mediated base
pairs can only form with Hg", and they are used in
many types of Hg'-sensor (16,26-30). The DNA
molecule itself has potential as a component of future
nano-devices, and the introduction of a T-Hg'-T pair
into the sequence could enable the physical and chemical
properties of such materials to be fine-tuned (31-33).
Although the T-Hg"-T pair has been extensively studied
since 2004 (16,17,26-33), its precise chemical structure was
only revealed by '’N NMR spectroscop?/ in 2007 (20-22).
In the NMR analysis, the thymine was '°N-labeled at N3
and incorporated into the DNA duplex 1e2: d(CGCGTT
GTCC) ¢ d(GGACTTCGCQG) (Figure 1). In the presence
of the Hg" ion, the thymine residues formed a T-Hg"-T
pair, and ""N-">N J-coupling across Hg" (*/xn) was
detected (Figure 1c), which provided unambiguous
evidence of the formation of the N3-Hg'-N3 bond in
the T-Hg"-T pair (20-22). This J-coupling value was the-
oretically examined by density functional theory (DFT)
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Figure 1. Sequences of DNA oligomers and the structure of the T-Hg''-T pair. (a) The sequences of the DNA oligomers used for the NMR and
Raman spectral measurements. (b) Chemical structure of thymidylyl (3'=5") thymidine (TpT). The numbering of each carbonyl oxygens is indicated
and the labeled oxygen atoms in '*O-labeled TpT are colored in red. (c) The reaction scheme for the T-Hg'-T pair formation is shown with 2-bond
SN-N J-coupling (*/xn). The numbering system for thymine is also shown, and the N3 atom is colored in blue.

calculations (34). Although various data (35-48) hinted at
the chemical structure of the T-Hg"-T pair prior to these
studies, its chemical structure was conclusively determined
by these studies (20-22,34).

However, despite elucidation of the precise chemical
structure of the T-Hg'-T base pair, the nature of the
mercury atom in the base pair is unclear. To address
this, we used Raman spectroscopy to measure the
spectra of the T-Hg'-T pair under different conditions.
In the Raman spectra, we identified characteristic bands
that were sensitive to irregular base-pair linkage that we
assigned using site-specific '*O-labeling. These bands
could also be interpreted using DFT calculations. Our
analysis revealed several interesting properties of the
N-Hg" bonds, e.g. the bond order by natural bond
orbital (NBO) analysis.

MATERIALS AND METHODS
DNA synthesis

DNA oligomers (CGCGTTGTCC 1 and GGACTTCGC
G 2) and non-labeled thymidylyl (3'-5) thymidine
(TpT) were synthesized by the phosphoramidite method
(Figure la and b), and purified using a reversed-phase
column (COSMOSIL 5CI18-AR-300; Nakalai Tesque,
Kyoto, Japan). The solutions containing non-labeled
TpT were evaporated under vacuum several times to
remove unwanted triethylammonium acetate buffer and
acetonitrile. The DNA oligomers 1 and 2 were further
purified using an anion-exchange column (UNO Q-6;
BIO-RAD, CA, USA) to exchange the triethylammonium
counter ion with sodium. Excess NaCl was removed using
a gel filtration column (TSK-GEL G3000PW; TOSOH,
Tokyo, Japan) with MILLI-Q water (MILLIPORE,

MA, USA) as the mobile phase. Each oligomer was
quantitated by UV absorbance at 260 nm after digestion
with nuclease Pl (Yamasa, Choshi, Japan). Hg(ClOy),
(Wako, Osaka, Japan) was used as the Hg'' source.
80-labeled TpT at the O4 position (‘*04-labeled TpT)
was synthesized by the procedure shown in Supplementary
Scheme S1; further details are described in the
Supplementary Data.

Raman spectroscopy

To prepare the Hg''-DNA complex, a solution of 2.0 mM
DNA duplex 1e2 and 4.8 mM Hg(ClO,4), were made, and
excess Hg"' cations were removed using a chelating resin
(Chelex 100, BIO-RAD) as described previously (20). The
resulting solution was concentrated to yield the Hg"-DNA
complex at a final concentration of 2.0 mM for measure-
ment purposes. To prepare the Hg"-free DNA duplex,
NaClO4 was added to the 2.0mM DNA duplex le2
solution to enable the final concentration of the ClO,
ion to be adjusted to 9.6 mM.

The Raman spectra of TpT were recorded using a
10mM TpT solution containing 0-1.75 molar equiva-
lents of Hg(ClOy4), as a simple model for the system.
The pH of the solution was adjusted to 6.5 by direct titra-
tion with HCI or NaOH. The Raman spectra of thymidine
5’-monophosphate (5-TMP) were recorded under various
conditions. Each sample was sealed in a glass capillary and
excited with the 514.5nm line of a Coherent Innova 70
Ar" laser. The Raman scattered light was collected with a
camera lens, dispersed on a Jasco NR-1800 triple spec-
trometer, and detected with a liquid-nitrogen-cooled
CCD detector. The temperatures of the samples were
maintained at 295 K. Raman scattering from the solvent
was subtracted from each spectrum.
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DFT calculations

The geometry of I1-methylthymine, and two possible
patterns of the T-Hg'"-T complexes (Supplementary
Figure S1) were optimized by Gaussian 03, rev. D02 (49)
at the B3LYP/6-31+G(d,p) level of theory with the
polarizable continuum model (PCM) of water solvent.
The core electrons of the mercury atom were treated
using the MWBG60 relativistic pseudo-potential, while the
valence electrons were treated using the MWBG60 basis set.
For fully optimized structures, vibrational analysis was
performed and the back-scattered Raman intensities
were calculated at the same level of theory. The calculated
line spectra were weighted by the temperature factor
(50,51) and convoluted with Lorentzian band shapes,
using Scm ™" full width at half height. 'O isotope effects
were evaluated using the same force field and different
oxygen masses.

The two possible topologies of the T-Hg'-T complex
shown in Supplementary Figure Sla and b produced
almost the same spectra (Supplementary Figure S2), and
the topology shown in Supplementary Figure Sla was
used for comparison with experiment. Natural charges
and bond orders were calculated at the B3LYP/
6-31+G(d,p)/PCM(water) level with the NBO 5.0
program linked to Gaussian (49).

NMR spectra of duplex 1e2 and TpT

For the DNA duplex 1e2, 1D 'H NMR spectra were
recorded as Hg'"-free, Hg"-bound and Hg"-removed
forms. We found that the Hg'' atoms can be removed
even at temperatures below 100°C (Supplementary
Figure S3). NMR spectra were also recorded for TpT to
verify the complex formation of TpT with Hg"
(Supplementary Figures S4 and S5), and the T-Hg"-T
pair formations were confirmed(Supplementary Figures
S3-S5).

RESULTS

Raman spectroscopic characterizations of the
T-Hg"-T pair

The Raman spectra of the DNA duplex 1e2 in
the presence and absence of Hg(ClOy),, are shown in
Figure 2. Many small changes were observed in the
duplex, in particular, those at 1704, 1576, 1487, 1422,
1372, 1172 and 749cm™', caused by the complexation
with Hg". In previous NMR studies (20-22), we con-
firmed that Hg'' exclusively binds to the T-T mismatch
sites in the same DNA duplex 1e2 to form two successive
T-Hg"-T pairs, based on the observation of 2-bond
'N-N J-coupling (Figure 1). Therefore, we can attri-
bute the observed Raman spectral changes to the same
Hg""-binding.

Because the changes in the Raman spectra of the DNA
duplex were small and were overlapped by the stronger
Raman bands from the sugar-phosphate backbone and
bases other than T, we used the Raman spectra of the
thymidylyl (3'-5) thymidine (TpT) for detailed studies.
The spectra acquired in the presence and absence of

Figure 2. Raman spectra of the duplex 1le2 in the absence (a) and
presence (b) of Hg', and the difference spectrum [(b)—(a)] (c) are
shown. In spectrum (b), the molar ratio (Hg'/duplex) was 2.0.
Characteristic bands are highlighted with their wavenumber and their
main origins. The band at 934cm™" is due to ClO; . Bands at 785, 831
and 1092 cm ™" were mainly due to vibration from the phosphate group.
The phosphate Raman band at 1092cm™' was used as a reference for
spectral intensity. Bands at 1487 and 1576cm™' are mainly due to
guanine, and their negative peaks in spectrum (c) may be ascribed to
an increase in the stacking interaction of guanosine residues upon the
formation of the T-Hg'-T base pair.

Figure 3. Raman spectra of TpT in the presence (Hg'/TpT = 1.75)
(a) and absence (b? of Hg". The Raman band at 934cm™' in the
spectrum of the Hg"'-TpT complex arises from Clo; .

Hg(ClOy4), are shown in Figure 3. Clearly, the bands
present at 1664 and 749cm™' were significantly affected
by the addition of Hg(ClO4),, which is consistent with the
duplex results.
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Raman band at 749 em™: evidence for the formation of
the T-Hg""-T base pair

The Raman band at 749cm™' was perturbed upon the
complexation of thymine with Hg'' for both the duplex
le2 and TpT (Figures 2 and 3). We next investigated the
Raman band of TpT and its Hg"-complex in H,O and
D-O (Figure 4). Upon the addition of Hg" to TpT, the
Raman band at 749 cm ™! was suppressed (Figure 4c and
d). For the Hg"-free TpT in D0, it is shifted by 13cm™'
(Figure 4a and b). At this stage, the vibrational mode for
the Raman band at 749cm™" was found to include the
contribution from the imino proton of the thymine base.
To examine if the imino proton contributed to this band,

Figure 4. Raman spectra of TpT (650-830cm™"). (a) TpT alone in
H>0. (b) TpT alone in D,O. (¢) The Hg"-TpT complex in H,O. (d)
The Hg"-TpT complex in D,O.

Nucleic Acids Research, 2012, Vol. 40, No. 12 5769

we recorded the Raman spectra of deprotonated thymi-
dine 5-monophosphate (5-TMP) under strong basic con-
ditions. The spectra obtained for 5-TMP showed that the
Raman band at 749 cm ™! disappeared under strong basic
conditions (Supplementarly Figure S6). Thus, its absence
upon the addition of Hg" indicates deprotonation of N3
due to the Hg""-binding. Furthermore, the spectral change
that occurred at around 749 cm ™' in the DNA duplex 1e2
may be similarly explained (Supplementary Figure S7). In
summary, we have demonstrated the T-Hg"-T pairing by
the Raman spectra.

Raman bands around 1664 cm ' of TpT as a probe
for thymine—Hg"' interaction

We observed that the Raman bands around 1664 cm™"
from TpT altered upon Hg'-binding. As the broad
Raman band at 1664cm™" includes contributions from
both the C2=02 and C4=04 stretches of thymine
(52,532 and these carbonyl groups are in close proximity
to Hg'!, the Raman spectral features in this region may be
useful for probing the thymine-Hg'" interactions. To
examine the spectral changes around 1664cm ™" in detail,
Hg"-titration experiments of TpT were performed
(Figure 5). As the concentration of Hg"' was increased, a
shoulder band at 1685cm ™! lost intensity and a new band
at 1586cm~! emerged (Figure 5). This strongly suggests
that at least one or both of the carbonyl groups C2=02
and C4=04 in the T-Hg""-T pair were affected by Hg"-
binding. In addition, if the newly emerged Raman band at
1586cm ™" is assigned to the stretching mode of the
carbonyl groups, it appears that quite a large perturbation
occurred to the C=0O double bond(s) in thymine upon
Hg"-complexation.

Raman spectra of '®O-labeled TpT

To determine which of the C2=02 and C4 =04 groups of
thymine was more affected by the Hg"-complexation,
80-labeled TpT at the O4 position ('*04-labeled TpT)
was synthesized (Figure 1b). In Figure 6, the Raman

Figure 5. Hg'-titration experiments of TpT by Raman spectroscopy.
The molar equivalencies represented by each color are as follows:
black: 0.0 eq., indigo: 0.8 eq., blue: 1.2 eq., light blue: 1.3 eq., green:
1.5 eq. and light green: 1.75 eq.
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spectra of '8O4-labeled and non-labeled TpT in the pre-
sence and absence of Hg(ClOy,), are shown, with the main
contributions provided by DFT calculations. The
1586cm ™! (non-labeled) band was specifically shifted to
1570cm™" for the '04-labeled TpT (Figure 6), which
clearly indicates that the band originates from the vibra-
tional mode associated with the C4 =04 carbonyl group.

DFT calculations of the Raman spectra

To find why the experimental wavenumber of the newly
emerged Raman band at 1586cm ™' (TpT) was exception-
ally low for a C=0 stretching mode, DFT calculations of
the Raman spectra for the T-Hg"-T base pair were per-
formed (Figure 7). The DFT calculations reproduced the
band at 1586cm ™! (assignment details: Figures 6 and 7).
The normal mode analysis also confirms that this band
comes from the C4=04 stretching vibration (Figure 8).
A closer look revealed that this band was actually
composed of two normal modes (Figure 8), namely, the
in-phase and out-of-phase combinations of the C=0
stretching vibration of thymine bases in the T-Hg"-T

Figure 6. Raman slpectra of (a) 'SO4-labeled TpT, (b) TpT,
(¢) '®04-labeled Hg"-TpT complex (Hg"/TpT = 1.75) and (d) Hg"-
TpT complex (Hg"/TpT = 1.75). Normal modes for Hg'"-free
l-methylthymine (non-labeled and '®O-labeled ones) are shown in
Supplementary Figure S10. As a rough assignment based on the the-
oretical spectra (Figure 7) and the normal mode analyses (Figure 8 and
Supplementary Figure S10), the main contributors to the experimental
Raman bands around 1664cm~' were assigned as follows. (a)
304-labeled Hg"-free TpT: 1660cm™' C2=02 stretching and
C5=C6 stretching; 1630cm™' C4=04 stretching. (b) Hg"-free TpT:
1685cm™"  C2=02 stretching; 1664cm™' C5=C6 stretching;
1655cm™" C4=04 stretching. (c) '*O4-labeled Hg"-TpT complex:
1652cm™' C2=02 stretching and C5=C6 stretching; 1570cm™'
C4=04 stretching. (d) Hg"-TpT complex: 1654cm™' C2=02
stretching and C5=C6 stretching; 1586cm™' C4=04 stretching. The
assignment of the Raman bands for Hg"-free TpT was principally the
same as in reference (48).

pair. Both modes involve vibration of all carbonyl
groups in the T-Hg'-T pair, but the major contribution
comes from C4=04.

The calculated Raman spectra of 1-methylthymine and
the T-Hg'-T pair whose O4 atoms were substituted with
%0 are also shown in Figure 7a and c. In line with our
experimental evidence, the theoretical C4 =04 stretching
bands were shifted toward low-wavenumbers (Figure 7c
and d).

The shoulder band observed at 1685cm™" in Hg''-free
TpT (non-labeled compound) was assigned to the C2=02
stretching. Upon '804-labeling, this band moved to
1660cm™"' and overlapped with that of the C5=C6
stretching (Figure 6).

DISCUSSION

Although the wavenumber of 1586cm™" is exceptionally
low for the C4=04 carbonyl stretching compared to
normal carbonyl stretching, the '*O-isotope shift of the
Raman bands demonstrated that the main contribution
to the characteristic 1586cm™' band comes from the
C4=04 stretching mode. The DFT calculations further
supported this assignment (Figure 8). The band at
1586cm™"' was also observed by Morzyk-Ociepa and
Michalska (48), who tentatively assigned it (based on the
DFT calculations) using a deprotonated 1-methylthymine
anion as a hypothetical model of the T-Hg'-T pair. In
contrast, we have simulated the Raman spectra of the
T-Hg"-T pair using a more realistic system that includes
the heavy metal Hg" (1-methylthymine-Hg" (2:1)
complex). Consequently, our DFT calculations further
revealed that this band was composed of the collective

Figure 7. The high-wavenumber range of theoretical Raman spectra.
(a) "®04-labeled 1-methylthymine; (b) non-labeled 1-methylthymine; (c)
04-labeled 1-methylthymine-Hg" (2:1) complex; and (d) non-labeled
I-methylthymine-Hg" (2:1) complex. Throughout the calculations,
I-methylthymine was used as a model of thymidine. Major contributors
to the Raman bands around the C=0O stretching region in the theor-
etical spectra are as follows: (b), 1712cm™': C2=02 stretching;
1686cm~': C5=C6 stretching; 1665cm™": C4=04 stretching. (d),
1696cm™", C5=C6 stretching; 1664cm™', C2=02 stretching;
1592cm ™" (summation of two C4=04 stretching modes in Figure 8).
Asterisks indicate an apparent wavenumber due to the band overlap.
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Figure 8. Normal modes for the experimental Raman bands around 1586cm™ in the T-Hg'-T pair. The theoretical wavenumbers (1595 and

1590 cm™") are indicated.

Figure 9. Resonance contributors of the T-Hg"-T pair. (a) Core resonance. (b) Further resonance associated with the anionic thymine 5. The

structure of 8 is the resonance hybrid (an average structure).

vibrational modes from all ‘four’ carbonyl groups in the
T-Hg"-T base pair (Figure 8).

From a Raman spectral perspective, a lowering of the
wavenumber of a carbonyl stretching mode indicates a
reduced bond order of the C=0 bond. Hence, the reson-
ance effect shown in Figure 9 might be responsible for this
phenomenon. Within resonance contributors, the
enolate-like structures 6 and 7 in Figure 9 would be

responsible for the reduced bond order. As a result, all
the resonance effects shown in Figure 9 give the resonance
hybrid 8 an average structure. This interpretation is con-
sistent with the observation of the Raman band around
1588cm™" for the TpT at pH 12.4, which originates from
the deprotonated thymine base at N3 and the resulting
enolate-like structure of the thymine bases (Supple-
mentary Figure S8).
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Figure 10. Results of the DFT calculations. (a) Key inter-atomic dis-
tances within the I-methylthymine-Hg" (2:1) complex. (b) Key
inter-atomic  distances  within the crystal structure of the
I-methylthymine-Hg" (2:1) complex (43). Natural charges and bond
orders of (c) the T-Hg'-T pair, (d) I1-methylthymine: 1MeThy and
(e) deprotonated 1-methylthymine: [IMeThy-H'].

In addition, the same resonance effect should also
reduce the effective bond order of the N-Hg" bond,
because in the idealized resonance contributors 2—4, the
N-Hg" bond is dissociated which makes the character of
the N-Hg"' bond ionic and weaker. The N-Hg" bond is
thermally cleavable even below 100°C (Supplementary
Figures S3), which is indicative of an ionic character.
This interpretation is consistent with our previous
'N-NMR study of T-Hg"-T pairs. In that study, large
down-field shifts of the 'N resonances of N3 were
observed upon the complexation of thymine with Hg'"
(20-22), and this chemical shift change was explained by

the (partially) ionic character of the N-Hg'" bond, based
on the theory of "N chemical shifts (21,22,54,55).
However, the N-Hg" bond is formally a covalent bond
and, therefore, we have demonstrated that the N-HgII
bonds in the T-Hg"-T pair are labile covalent bonds
with a significant degree of ionic character.

Next, we considered if there was any relationship
between the ionicity of the N-Hg" bond and the
geometry of the T-Hg"-T base pair calculated by the
DFT method (Figure 10). The N-Hg'"-N linkage in
the calculated geometry was essentially linear and Hg"-
binding to O4 seems to be weak. The calculated
inter-atomic distances between the Hg atom and the
keto-oxygen atoms ranged from 3.13A to 3.16A,
whereas those between Hg and N3 were 2.14A
(Figure 10a). These structural features are consistent
with those observed in the crystal structure of the
1-methylthymine-Hg"' complex (43) (‘Figure 10b), namelP/
the inter-atomic distances N3-Hg': 2.04A; 04-Hg":
298 A; 02-Hg": 3.05A. This means that Hg"-binding to
O4 is not necessarily required for the reduction of the
C4=04 bond order.

We further characterized the bond order and the
natural charge within the T-Hg''-T base pair theoretically
(Figure 10c—e; Supplementary Table S1). The calculated
results show that the bond order of C4=04 for the
T-Hg"-T pair is reduced to 1.17, from 1.21 for a neutral
1-methylthmine base (Figure 10c and d). The bond order
of the N3-Hg" bond becomes 0.22, which is much less
than the bond order of N3-H3 (0.50; Figure 10c and d?.
This is consistent with our interpretation that the N-Hg!!
bond is less covalent and rather more ionic than N-H and
N-C bonds.

Consequently, the Hg" atom in the T-Hg'T pair
becomes cationic with a calculated natural charge of
+1.45 (Figure 10c). This cationic property seems to be
related to the theoretical assumption made by Voityuk
(31) that the lowest unoccupied molecular orbital
(LUMO) is continuously distributed around the Hg"
nuclei in tandem T-Hg"-T base pairs. Even the LUMO
orbital in a single T-Hg"-T base pair possesses the same
character, giving thus good pre-requisite to overlap with
the density of neighboring LUMO in a consecutive
T-Hg"-T step (Supplementary Figure S9). This is
because the Hg' nucleus is the most electro-deficient
part in the T-Hg"-T base pairs, and may accept an add-
itional electron. Hence, the cationic nature of the Hg!
nucleus is an intrinsic property of the T-Hg'-T base pair.

Thus, we realistically simulated the Raman spectra,
natural charges and bond orders of the T-Hg'"-T pair,
using a model system comprising the heavy metal of
Hg"' (1-methylthymine-Hg" (2:1) complex). It is note-
worthy that a metallophilic interaction between adjacent
Hg" nuclei in tandem U-Hg"-U pairs has been recently
studied (25). In combination with the findings from other
theoretical studies (31,34,48), these recently proposed
interactions and characteristics might be utilized to
exploit the novel properties of DNA oli%omers, including
metal mediated base pairs like the T-Hg"-T pair.

In summary, we assigned the observed Raman band at
1586cm™" to a carbonyl stretching vibration, with the
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main contribution from the C4 =04 stretching mode. The
low wavenumber shift of this carbonyl vibration,
measured upon adding Hg', is associated with the
reduced bond order of the C4=04 bond. This is due to
the partial enolization of the thymine bases in the T-Hg"'-
T base pair. This effect promotes a partial ionic character
of the N-Hg" bond and makes the Hg" atom in the
T-Hg'"-T base pair cationic. Based on the strong agree-
ment between the exPerimental and theoretical data, we
conclude that the Hg'' atom in the T-Hg"-T base pairs is
cationic, and that the Hg—N3 bond is less covalent and
rather more ionic than N-H and N-C bonds.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Methods, Supplementary Table 1, Supp-
lementary Scheme 1, Supplementary Figures 1-10 and
Supplementary Reference [56].
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DNA forms a double-stranded structure through the forma-
tion of adenine-thymine (A-T) and guanine—cytosine (G-C)
Watson—Crick base pairs."! The selectivity of the hydrogen
bonding between bases is essential for the replication and
expression of genetic information. For two decades, the
development of an artificial base pair has been an area of
research with the goal of expanding the genetic alphabet.?
Several groups have reported artificial base pairs formed by
non-Watson—Crick hydrogen bonding®® and hydrophobic
interaction based on shape complementarity.! Some of
these alternative base pairs, such as isoguanine-isocytosine,"’
dk-dX,”! dZ-dF" dPICS-dPICS* dImN°-dNaO™), and
dDs-dPal" pairs, were reported to be recognized and
incorporated into a primer strand by DNA polymerases.
Metal-mediated base pairs are formed by the coordina-
tion of metal ions to natural or artificial bases,''l and have
attracted considerable interest for nanodevices. Recently,
Ono et al. reported that Hg" and Ag'ions specifically stabilize
the thymine-thymine (T-T) and cytosine—cytosine (C-C)
mismatches in oligodeoxynucleotide (ODN) duplexes
through the formation of the T-Hg"-T and C-Ag'-C base
pairs, respectively (Figure 1a).'> Also, the formation of
a U-Hg"-U base pair in RNA was reported.!”! We focused on
the biological relevance of metal-mediated base pairs and
discovered that in the presence of Hg" ions, DNA poly-
merases used thymidine 5'-triphosphate (TTP) to incorporate
thymidine at the site opposite a thymine in the template
strand and elongated the primer to synthesize a full-length
product.'® Following our discovery, Park and co-workers
reported the extension reactions of primer strands that have
a T-T or C-C mismatch at the 3'-terminus, in the presence of

[*] T. Funai, Y. Miyazaki, M. Aotani, E. Yamaguchi, Dr. O. Nakagawa,
Dr. S. Wada, Prof. H. Urata
Osaka University of Pharmaceutical Sciences
4-20-1 Nasahara, Takatsuki, Osaka 569-1094 (Japan)
E-mail: urata@gly.oups.ac.jp
Prof. H. Torigoe
Department of Applied Chemistry, Faculty of Science, Tokyo
University of Science
1-3 Kagurazaka, Shinjuku-ku, Tokyo 162-8601 (Japan)
Prof. A. Ono
Department of Material & Life Chemistry, Faculty of Engineering,
Kanagawa University
3-27-1 Rokkakubashi, Kanagawa-ku, Yokohama 221-8686 (Japan)

[**] This work was supported in part through a Grant-in-Aid for Scientific

Research from the Ministry of Education, Science, Sports and
Technology (Japan).

)

) Supporting information for this article (experimental details) is
available on the WWW under http://dx.doi.org/10.1002/anie.
201109191.

¢

HWILEY i

ONLINE LIBRARY

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. a) Chemical formulas of T-Hg"-T and C-Ag'-C base pairs, and
b) a possible structure of the C-Ag'-A base pair. dR =deoxyribose.

Hg" or Ag' ions, respectively.'’l Also, an artificial Cu'-
mediated base pair recognized by DNA polymerases was
reported."s! However, the Ag' ion mediated incorporation of
a deoxynucleotide into a primer strand by DNA polymerases
has not yet been reported. The discovery of natural and
artificial metal-mediated base pairs recognized by poly-
merases may increase the possibility of replicating and
amplifying artificial metal-containing DNA nanodevices.
Herein, we report a primer extension reaction in the presence
of Ag'ions.

The primer extension experiments were carried out using
the primed template shown in Figure 2a with the Klenow
fragment (KF) DNA polymerase. In the presence of dATP,
dGTP, and dCTP, the extension reactions afforded the full-
length product regardless of the presence or absence of Ag'
ions (Figure 2b, lanes 1 and 2). This result shows that the
polymerase activity is not inhibited by Ag' ions at the
concentration of 30 pum. In the presence of dATP and dCTP,
the reaction without Ag' ions was terminated at the site
opposite the Cresidue in the template to yield the 19-mer
product (lane 3). In contrast, as Ag' ion concentration was
increased (1-50 um), KF elongated the primer to yield the
full-length 24-mer as the major product (lanes 4-9). We also
used an extended primed template, which contains two
Cresidues in the single-strand region of the template, KF
also afforded the full-length product but with reduced
efficiency (see Figure S1 in the Supporting Information). At
higher Ag' ion concentrations (5001000 um), the elongation
was inhibited and the reactions produced weaker bands on
the gel, probably because of the aggregation of DNA (see
Figure S2 in the Supporting Information). Furthermore,
KOD Dash and Tag DNA polymerases also catalyzed this
reaction, meaning that this phenomenon is not specific to KF
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Figure 2. a) Sequences of the template and primer strands. The primer
was labeled with fluorescein amidite (FAM) at the 5’ end. b) Effects of
Ag' ion concentration on the primer extension reaction by the Klenow
fragment (KF). The reaction mixtures (20 pL) containing 100 nm
primer, 150 nm template, 20 pm dNTPs, 100 mm NaOAc, 10 mm Tris-
AcOH (pH 7.9), 10 mm Mg(OAc),, 5 mm NH,Cl, 0.3 units of KF, and
8 um dithiothreitol (DTT) in the presence or absence of various
concentrations of AgNO; were incubated at 37°C for 1 h. The reactions
were quenched by adding 100 mm DTT (0.5 pL) and a gel loading
solution (2.28 pL) containing 8 M urea, 50% sucrose, and 0.2%
bromophenol blue, and the mixtures were immediately heated at 90°C
for 10 min. After cooling, the mixtures were analyzed by denaturing
20% PAGE. M indicates markers for the primer, 19-mer and 24-mer.

(see Figure S3 in the Supporting Information). To exclude the
effects of the counteranion (nitrate), the reactions were also
carried out in the presence of Ag'(NO;), Na'(NO;), or
Mg"(NO;),. Only Ag'(NO,) promoted the reaction (see
Figure S4); thus, we conclude that it is the Ag' ions that
mediate the incorporation of cytosine or adenine into the site
opposite the C residue in the template by KF.

Next, to confirm the kind of nucleotide incorporated into
the site opposite the Cresidue in the template, single
nucleotide insertion reactions were carried out (Figure 3).
KF incorporated guanine through the formation of a Watson—
Crick G-C base pair to yield the 20-mer (n+1) product
regardless of the presence or absence of Ag'ions (lanes 3 and
4). In the absence of Ag' ions, adenine, cytosine, or thymidine
were not incorporated into the site opposite the C residue in
the template and the primer was degraded by the 3'—5
exonuclease activity of the enzyme to afford n—1, n—2, and
n—6 products, respectively (lanes2, 6, and 8). The 3'—5'
exonuclease activity of KF competes with the polymerization
activity. In the absence of the complementary dNTP (in this
case dGTP), the exonuclease domain of KF seems to degrade
the primer strand to yield truncated products that have the
same base at the 3'-terminus as the dNTP that has been added
to the reaction. Unexpectedly, in the presence of Ag'ions, KF
misincorporated adenine into the site opposite the C residue
in the template (lane 1) to yield the 20-mer (n+ 1) product
together with a trace amount of the 18-mer (n—1) product.
However, the enzyme did not misincorporate cytosine into
the same site at all (lane5). Furthermore, even 3'—5
exonuclease-deficient KF (KF exo™) gave the same results
(Figure S5, lanes 5 and 6). These results indicate that when
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Figure 3. a) Sequences of the template and 5'-FAM-labeled primer
strands. b) Single nucleotide insertions at the site opposite the
Cresidue in the template strand were carried out by KF. The reaction
conditions are the same as those indicated in Figure 2b. M indicates
markers for the 15-mer, primer, and 24-mer.

dGTP was absent, KF specifically incorporated adenine into
the site opposite the C residue in the template, probably
through the formation of C-Ag'-A, a silver(I)-mediated base
pair. The composition of the full-length products of the Ag'-
promoted reaction was confirmed by MALDI-TOF mass
spectroscopy (see Figure S6 in the Supporting Information).

To investigate the effects of other metal ions on the
reaction, we performed the primer extension reaction in the
presence of Mn", Fe'', Fe'™, Co", Ni"", Cu', Cu", Zn", Cd", Au’,
Au™, Hg", TI', or Pb". Figure 4 shows the relative amounts of
the full-length product of the reactions catalyzed by KF.
Although the reaction was not highly specific to Ag' ions, the
Ag'ion-mediated reaction gave much higher yield than any of
the other metal-mediated reactions. Some metal ions, such as
Mn", Cu', and Cu", did catalyze the reaction but with low
efficiency and reproducibility.

Figure 4. Effects of various metal ions on the primer extension
reaction catalyzed by KF. Shown are the amounts of the full-length
products of metal ion mediated reactions relative to that of Ag' ion
mediated reaction. Values are averages + the standard deviation deter-
mined by at least five independent experiments. The reactions
contained 30 um metal ions and the other conditions are the same as
those indicated in Figure 2b.
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The molecular basis of the Ag'-promoted selective
incorporation of adenine rather than cytosine is still ambig-
uous. The UV melting experiments demonstrated that the C—-
C mismatch-containing duplex was more stable than the C-A
mismatch-containing duplex by addition of Ag' ions (see
Table S1 in the Supporting Information). It was reported that
when KF exo™ misincorporates nucleotides to form a purine—
purine hydrogen-bonded mispair, the incoming dNTP rotates
to the syn conformation to maintain the C1’-C1’ distance
between complementary residues of canonical B-DNA,
however, the purine residue in the template is maintained in
the normal anti conformation."”! Thus, we investigated the
incorporation of cytosine opposite an A residue in the
template strand with added Ag' ions (Figure5). In the
presence of dATP and dCTP, however, the reactions were
terminated at the site opposite the A residue in the template
strand even in the presence of Ag'ions (lanes 4-9). This result
may suggest that an incoming dATP rotates to the syn
conformation and coordinates to an Ag' ion with its Hoog-
steen face (Figure 1b) to maintain the C1'-C1’ distance of B-
DNA as reported in 1-deazaadenine-containing oligonucleo-
tides.” Indeed, the preferential binding of Ag-modified 1-
methylcytosine to the N7 position of 9-methyladenine was
reported.” The anti to syn rotation of the dA residue in
oligonucleotides would be energetically more disadvanta-
geous than that of the incoming dATP. Therefore, the Ag'-
mediated stabilization of the C-A mismatch-containing
duplex (shown by the UV melting experiments; Table S1)
may be compensated by the energy required for the anti to syn
rotation of the dA residue in the template strand.

In conclusion, we demonstrated that KF does not
incorporate cytosine into the site opposite a C residue in the
template strand even in the presence of Ag' ions. Instead,
adenine was shown to be incorporated opposite the C residue
in the template strand by KF in the presence of Ag' ions,
probably through the formation of a silver(I)-mediated C-
Ag'-A base pair. Our findings may open up new possibilities
for the discovery of additional metal-mediated base pairs
recognized by DNA polymerases, leading to the construction

Figure 5. a) Sequences of the template and 5'-FAM-labeled primer
strands. b) Effects of Ag' ion concentration on the incorporation of
cytosine opposite adenine in the template by KF. The reaction
conditions are the same as those indicated in Figure 2b. M indicates
markers for the primer, 19-mer, and 24-mer.
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of a metal ion-triggered replicating system and the enzymatic
preparation of metal-containing DNA nanodevices.
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Metal ion-nucleic acid interactions have attracted considerable interest for their involvement in structure
formation and catalytic activity of nucleic acids. Although interactions between metal ion and mismatched
base pair duplex are important to understand mechanism of gene mutations related to heavy metal ions,
they have not been well-characterized. We recently found that the Ag™ ion stabilized a C:C mismatched base
pair duplex DNA. A C—Ag—C metal-mediated base pair was supposed to be formed by the binding between
the Ag*' ion and the C:C mismatched base pair to stabilize the duplex. Here, we examined specificity,
thermodynamics and structure of possible C—Ag—C metal-mediated base pair. UV melting indicated that
only the duplex with the C:C mismatched base pair, and not of the duplexes with the perfectly matched and
other mismatched base pairs, was specifically stabilized on adding the Ag™ ion. Isothermal titration calo-
rimetry demonstrated that the Ag* ion specifically bound with the C:C base pair at 1:1 molar ratio with
a binding constant of 106 M, which was significantly larger than those for nonspecific metal ion-DNA
interactions. Electrospray ionization mass spectrometry also supported the specific 1:1 binding between
the Ag™ ion and the C:C base pair. Circular dichroism spectroscopy and NMR revealed that the Ag™ ion may
bind with the N3 positions of the C:C base pair without distorting the higher-order structure of the duplex.
We conclude that the specific formation of C—Ag—C base pair with large binding affinity would provide
a binding mode of metal ion-DNA interactions, similar to that of the previously reported T-Hg-T base pair.
The C—Ag—Cbase pair may be useful not only for understanding of molecular mechanism of gene mutations
related to heavy metal ions but also for wide variety of potential applications of metal-mediated base pairs
in various fields, such as material, life and environmental sciences.

© 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

perfectly matched duplex DNA have been reported for many metal
ions, such as Cr>* [3], Cr%* [3], TI* [4], Fe?* [5], Fe3* [5], A3* [6],

The interactions between metal ions and nucleic acids have
attracted considerable interest for their involvement in structure
formation and folding of nucleic acids, such as triplex, quadruplex,
and RNA folding [1], and their possible roles in catalytic activity of
nucleic acids, such as catalytic cofactors in ribozymes [2]. The
structural and thermodynamic properties of the binding with the

Abbreviations: CD, circular dichroism; ESI-MS, electrospray ionization mass
spectrometry; HPLC, high-performance liquid chromatography; ITC, isothermal
titration calorimetry; Ty, melting temperature.
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Mn?* [7], and Cd** [8]. To understand molecular mechanism of
gene mutations related to heavy metal ions [9], the study of the
interaction between metal ions and the mismatched base pair
duplex DNA may be important. However, few studies have been
reported for the interaction of metal ions with the mismatched
base pair duplex DNA. We recently found that a duplex DNA with
a C:C mismatched base pair was stabilized by only the Ag™ ion and
not by other metal ions (Mg?*, Ca®t, Mn?*, Fe?*, Fe**, Co?*, Ni?*,
Cu®*, Zn?*, Ru**, Pd?*, Cd?*, and Pb?*) [10]. A C—Ag—C metal-
mediated base pair (Fig. 1a) was supposed to be formed by the
binding between the Ag" ion and the C:C mismatched base pair in
the duplex DNA. The binding of the Ag' ion may stabilize the
duplex DNA with the C:C mismatched base pair [10]. However, the

j-biochi.2012.06.024
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Fig. 1. (a) C—Ag—C base pair formation in duplex by the interaction between Ag* ion
and C:C mismatched base pair. (b) Oligonucleotide sequence of the target duplexes,
APMF25X:APMR25Y, APMF15Z:APMR15C and duplex 1.

mechanistic explanation for the Ag™ ion-mediated stabilization of
the duplex DNA with the C:C mismatched base pair and the
possible C—Ag—C metal-mediated base pair formation was not
clearly understood. Therefore, here, we have expanded our
previous line of research to explore specificity, thermodynamics
and structure for the interaction between the Ag" ion and the C:C
mismatched base pair. The interaction between the Ag™ ion and
each of mismatched base pair duplex DNA or the corresponding
perfectly matched duplex DNA with another base sequence was
analyzed by UV melting, isothermal titration calorimetry (ITC) [11],
electrospray ionization mass spectrometry (ESI-MS) [12—14],
circular dichroism (CD) spectroscopy and NMR. UV melting anal-
yses indicated that the Ag™ ion was able to significantly stabilize the
duplex with the C:C mismatched base pair without stabilizing the
duplexes with the perfectly matched base pairs or the other mis-
matched base pairs. ITC analyses demonstrated that the Ag" ion
specifically bound with the C:C mismatched base pair in the duplex
at a 1:1 molar ratio with a binding constant of nearly 106 M~
which was significantly larger than those previously reported for
the nonspecific interactions between metal ions and DNA
(32 x 10°~1.4 x 10° M) [3—8,15]. ESI-MS also supported the
specific binding and the 1:1 molar ratio between the Ag™ ion and
the C:C mismatched base pair. CD spectroscopy and NMR study
revealed that the Ag™ ion may bind with the N3 positions of the C:C
mismatched base pair without distorting the higher-order struc-
ture of the duplex. The specific formation of C—Ag—C base pair with
large binding affinity would provide a binding mode of metal ion-
DNA interactions, similar to that of the previously reported T-Hg-T
base pair [16—19]. The C—Ag—C base pair may be useful for wide
variety of potential applications of metal-mediated base pairs in
various fields, such as material, life and environmental sciences.
Possible applications of the C—Ag—C base pair in various fields will
be discussed.

2. Materials and methods
2.1. Preparation of oligonucleotides

We synthesized DNA oligonucleotides, APMF25X: 5'-CTCA-
GATCCTGCXCTTCAAAAACAA-3' (X = A, C, G, T), APMR25Y: 5'-

TTGTTTTTGAAGYGCAGGATCTGAG-3' (Y = A, C, G, T), APMF15Z: 5'-
ATCCTGCZCTTCAAA-3' (Z = C, G), APMR15C: 5'-TTTGAAGCGCAG-
GAT-3’ and SS1: 5'-ATAATAATAAACTTTATTATTAT-3' (Fig. 1b), on
a DNA synthesizer by using the solid-phase cyanoethyl phosphor-
amidite method; we then purified them with reverse-phase high-
performance liquid chromatography (HPLC) on a Wakosil DNA
column. The concentration of all oligonucleotides was determined
by UV absorbance. Three pairs of the purified strands (APMF25X
and APMR25Y, APMF15Z and APMR15C, two SS1 strands) were
annealed in 5 mM potassium phosphate buffer (pH 7.0) to form the
duplexes (APMF25X:APMR25Y, APMF15Z:APMR15C, duplex 1)
(Fig. 1b) by heating at up to 90 °C, followed by a gradual cooling to
room temperature. The annealed sample was applied on
a hydroxyapatite column (BIORAD Inc.) to remove the unpaired
single strands. The concentration of the duplex DNA was deter-
mined by UV absorption considering the DNA concentration ratio of
1 OD = 50 pg/ml, with a M; of 15300 for APMF25X:APMR25Y.

2.2. UV melting

UV melting experiments were carried out on a DU-640 spec-
trophotometer (Beckman Inc.) equipped with a Peltier type cell
holder. The cell path length was 1 cm. The UV melting profiles were
measured in buffer A [10 mM sodium cacodylate-cacodylic acid (pH
6.8) and 100 mM NaNOs] either with or without 1 uM AgNOs at
a scan rate of 0.2 °C/min with detection at 260 nm. The first
derivative was calculated from the UV melting profile. The peak
temperatures in the derivative curve were designated as the
melting temperature, Tp,. The concentration of the duplex DNA
(APMF25X:APMR25Y) used was 1 uM.

2.3. Isothermal titration calorimetry (ITC)

Isothermal titration experiments were carried out on a VP ITC
system (Microcal Inc., US.A.) [11]. The duplex DNA (APMF25-
X:APMR25Y) solutions were prepared by extensive dialysis against
buffer A. AgNO3; was dissolved in the dialysis buffer. The AgNO3
solution in buffer A was injected 30 times in 5-ul increments at 5-
min intervals into the duplex DNA (APMF25X:APMR25Y) solution
without changing the reaction conditions. The heat for each
injection was subtracted by the heat of dilution of the injectant,
which was measured by injecting the AgNO3 solution into the same
buffer. Each corrected heat was divided by the moles of AgNO3
injected and analyzed with Microcal Origin software supplied by
the manufacturer.

2.4. ESI-MS

ESI-MS measurements were performed on a time-of-flight mass
spectrometer (JMS-T100; JEOL, Japan). Each aqueous solution con-
taining the duplex DNA (APMF15Z:APMR15C) and the Ag" ion in
62.5 mM CH3COONH4 (pH 7.0) was diluted with CH30H to give
10 uM DNA in 50 mM CH3COONHy,4 buffer dissolved in the solvent
(H20:CH30H = 4:1). Although the complexation between the Ag™
ion and NH3 in the solution can affect the activity of the Ag*ion, the
binding between the Ag*ion and the C:C mismatched base pair was
observed as described in the section of 3.3. The measurement
conditions were as follows, needle voltage: —1.8 kV, orifice voltage:
—55V, desolvation temperature: 80—100 °C, resolution (10% valley
definition): 2000, and sample flow rate: 20 pl/min.

2.5. CD spectroscopy

CD spectra were recorded at 25 °C and pH 6.8 in buffer A either
with or without 1 uM AgNO3 on a JASCO ]-720 spectropolarimeter

j.biochi.2012.06.024
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interfaced with a microcomputer. The cell path length was 1 cm.
The concentration of the duplex DNA (APMF25X:APMR25Y) used
was 1 pM.

2.6. NMR

NMR spectra were recorded at 25 °C on JEOL ECAG600. 15 mM
uniformly °N-labeled cytidine with various concentrations of the
Ag' ion was measured in DMSO-dg. 1.3 mM nonlabeled duplex 1
with various concentrations of the Ag™ ion was measured in D,0
with 100 mM NaNOs.

3. Results

3.1. UV melting analyses of mismatched base pair duplex DNA and
the corresponding perfectly matched duplex DNA either with or
without the Ag" ion

The thermal stability of a series of 1 pM APMF25X:APMR25Y
(X:Y = C:C, C:G and G:C) (Fig. 1b) was examined in 10 mM sodium
cacodylate-cacodylic acid (pH 6.8) and 100 mM NaNOs either with
or without 1 pM AgNOs3 by UV melting (Figure S1). The Ty, values of
X:Y = C:G (66.0 °C) and X:Y = G:C (66.2 °C) with AgNO3 were not
significantly different from those without AgNO3 (Fig. 2, Figs. S1b,
S1c and Table S1). In contrast, the addition of 1 uM AgNOs3
increased the T, of 1 pM X:Y = C:C by about 3.5 °C (56.9 °C
—60.4 °C) (Fig. 2, Fig. S1a and Table S1). The increase in the Ty, of
X:Y = C:C by the addition of the Ag" ion was achieved at a molar
ratio of [Ag™ ion]/[X:Y = C:C] = 1. These results indicate that the
thermal stability of the C:C mismatched base pair duplex DNA was
significantly increased by the addition of the Ag' ion at a molar
ratio of [Ag™ ion]/[C:C mismatched base pair duplex DNA] = 1.

To examine the base-pair specificity of the stabilization by the
addition of the Ag™ ion, we measured the Ty, values of a series of
1 uM APMF25X:APMR25Y with 16 different base pairs, (X:Y = A:A,
A:C A:G, AT, CA, CC CG, CT, G:A, G:C, GG, GT, T:A, T:C, T:G, and
T:T) (Fig. 1b), in the same buffer with or without 1 pM AgNO3 by UV
melting (Fig. 2 and Table S1). The T, values of the duplex DNAs with
the perfectly matched base pairs (X:Y = A:T, C:G, G:C and T:A) and
those of the duplex DNAs with the other kinds of mismatched base
pairs (X:Y = A:A, A:C, A:G, C:A, C:T, G:A, G:G, G:T, T:C, T:G and T:T)
(Tm (-Ag™)) were not significantly changed by the addition of the
Ag" ion (T (+Ag™)), unlike the case of X:Y = C:C (AT, = 3.5 °C)
shown above (Fig. 2 and Table S1). These results indicate that only

Fig. 2. Change of melting temperatures, ATy, of 1 uM duplexes [APMF25X:APMR25Y
(X:Y =A:A A:C A:G, AT, CA, CC CG,CT,G:A, G:C GG, GT,T:A T:.C, T:G, and T:T)] at
pH 6.8 in 10 mM sodium cacodylate-cacodylic acid and 100 mM NaNOs upon addition
of 1 uM AgNOs, obtained from UV melting.

the duplex DNA with the C:C mismatched base pair was specifically
stabilized by the addition of the Ag" ion.

To investigate whether other metal ions have the ability to
stabilize the duplex DNA with the C:C mismatched base pair, we
measured the Ty, values of the series of 1 pM APMF25X:APMR25Y
with 16 different base pairs in 10 mM sodium cacodylate-cacodylic
acid (pH 6.8) and 100 mM NaNOs (or NaCl) with or without each of
1.5 }J,M MH(NO3)2, CO(NO3)2, Ni(NO3)2, Zl’l(NOg)z, RUClg, Cd(NOg)z,
TINO3, and Pb(NOs3); by UV melting (Tables S2—S9). We also
measured them in 10 mM sodium cacodylate-cacodylic acid (pH
6.8) and 100 mM NaClO4 with or without 1 uM Hg(ClO4), by UV
melting (Table S10). The Ty, values of the duplex DNAs with any
kinds of base pairs including the C:C mismatched base pair were
not significantly changed by the addition of each of the Mn?*, Co®™,
Ni%*, Zn?*, Ru*t, €d?*, TIT, and Pb?* jon. Although the addition of
Hg?* increased the Ty, value of the duplex DNA with the T:T mis-
matched base pair by about 5.0 °C (Table S10), which was previ-
ously reported in our studies [17,19], the Ty, values of the duplex
DNAs with any other kinds of base pairs including the C:C mis-
matched base pair were not significantly altered by the addition of
Hg?*. These results indicate that only the Ag* ion stabilized the
duplex DNA with the C:C mismatched base pair.

3.2. ITC analyses of the interaction between the Ag™ ion and each of
mismatched base pair duplex DNA and the corresponding perfectly
matched duplex DNA

To explore the mechanism of specific stabilization of the duplex
DNA with the C:C mismatched base pair by the addition of the Ag™
ion, we examined the thermodynamic properties of the interaction
between AgNO3; and APMF25X:APMR25Y (X:Y = C:C, C:G and G:C)
(Fig. 1b) in 10 mM sodium cacodylate-cacodylic acid (pH 6.8) and
100 mM NaNOs at 25 °C by ITC (Fig. 3). Fig. 3a shows a typical ITC
profile of the interaction between AgNO3 and X:Y =C:Cat 25 °Cand
pH 6.8. An exothermic heat pulse was observed each time after
AgNO3 was injected into X:Y = C:C. The magnitude of each peak
decreased gradually with each new injection, indicating that the
Ag™ ion specifically bound with X:Y = C:C. On the other hand, the
ITC profiles of the interaction between AgNO3 and each of X:Y =C:G
and G:C at 25 °C and pH 6.8 are shown in Fig. 3b and c, respectively.
Although an exothermic heat pulse was observed after each
injection of AgNOs into X:Y = C:G or G:C, the magnitude of each
peak was not significantly changed with each new injection, indi-
cating that the Ag* ion nonspecifically bound with X:Y = C:G and
G:C. These ITC profiles were in sharp contrast with that observed
for the interaction between AgNOs3 and X:Y = C:C (Fig. 3a).

The nonspecific binding between the Ag® ion and each of
X:Y = C:G and G:C judged from the ITC profiles (Fig. 3b and c)
suggests that the Ag* ion may bind with the phosphate backbones
of each of the perfectly matched duplex DNAs (X:Y = C:G and G:C)
in a nonspecific manner due to the attraction between the positive
charge of the Ag" ion and the negative charge of the DNA phos-
phate backbones. On the other hand, the specific binding between
the Ag™ ion and X:Y = C:C judged from the ITC profile (Fig. 3a)
suggests that the Ag" ion may specifically bind with the C:C mis-
matched base pair of the mismatched base pair duplex DNA
(X:Y = C:C) in addition to the nonspecific binding between the Ag™
ion and the DNA phosphate backbones of X:Y = C:C. Thus, the net
heat derived from the specific binding between the Ag* ion and the
C:C mismatched base pair of the duplex DNA (X:Y = C:C) should be
estimated by subtracting the heat observed for the perfectly
matched duplex DNA (X:Y = C:G or G:C) from that observed for the
C:C mismatched base pair duplex DNA (X:Y = C:C). Based on these
considerations, in order to analyze the thermodynamic parameters
of the specific binding between the Ag" ion and the C:C

j-biochi.2012.06.024

Please cite this article in press as: H. Torigoe, et al., Thermodynamic and structural properties of the specific binding between Ag™ ion and C:C
mismatched base pair in duplex DNA to form C—Ag—C metal-mediated base pair, Biochimie (2012), http://dx.doi.org/10.1016/

—122 —



4 H. Torigoe et al. / Biochimie xxx (2012) 1-10

Fig. 3. Thermodynamic analyses of the interaction between the Ag* ion and APMF25X:APMR25Y (X:Y = C:C, C:G and G:C). (a—c) Typical ITC profile of the interaction between
AgNO; and each of X:Y = C:C (a), X:Y = C:G (b) and X:Y = G:C (c) at 25 °C and pH 6.8 in 10 mM sodium cacodylate-cacodylic acid and 100 mM NaNOs. AgNOs3 solution (1 mM) was
injected 30 times in 5-pl increments into each of X:Y = C:C (a), X:Y = C:G (b) and X:Y = G:C (c) solution (40 uM). Injections were administered over 12 s at 5-min intervals. (d)
Titration plot against the molar ratio of [Ag™ ion]/[duplex DNA] for (X:Y = C:C)-(X:Y = C:G) and (X:Y = C:C)~(X:Y = G:C). The data were fitted by a nonlinear least-squares method.

mismatched base pair of the duplex DNA (X:Y = C:C), the ITC profile
observed for X:Y = C:G in Fig. 3b was subtracted from that observed
for X:Y = C:Cin Fig. 3a, and the ITC profile observed for X:Y = G:Cin
Fig. 3¢ was subtracted from that observed for X:Y = C:C in Fig. 3a.
The area under each peak was integrated, and the integrated values
were divided by the moles of the injected solution. The resulting
values were plotted as a function of the molar ratio of [Ag™ ion]/
[duplex DNA] (Fig. 3d). The resultant titration plots were fitted to
a sigmoidal curve by a nonlinear least-squares method. The stoi-
chiometry, n, the binding constant, K,, and the enthalpy change, AH,
for the specific binding between the Ag™ ion and the C:C mis-
matched base pair were obtained from the fitted curve [11]. The
Gibbs free energy change, AG, and the entropy change, AS, were
calculated from the equation, AG = -RTInK; = AH-TAS, where R is
gas constant and T is the temperature [11].

Table 1 summarizes the thermodynamic parameters for the
specific binding between the Ag™ ion and the C:C mismatched base
pair, obtained for (X:Y = C:C)-(X:Y = C:G) and (XY = C:C)-
(X:Y = G:C). The thermodynamic parameters obtained for
(X:Y = C:O)~(X:Y = C:G) and (X:Y = C:C)-(X:Y = G:C) were quite
similar in magnitude. The obtained value of n was nearly 1, indi-
cating that the Ag™" ion bound with the C:C mismatched base pair at
a molar ratio of 1:1. The nonspecific binding between the Ag™ ion
and each of X:Y = C:G and G:C may be out of the optimum range of
the ITC measurements due to no significant change of the magnitude
of each peak upon each new injection (Fig. 3b and c). The “c” value,
which is the product of the duplex DNA concentration and the
binding constant for the present case, should be 1-1000 for the

Table 1

optimum ITC measurements [11]. Thus, the “c” value for the
nonspecific binding may be below the value of 1. Because the duplex
DNA concentration was 40 pM(=4 x 10~ M), the binding constant
for the nonspecific binding may be below the value of 2.5 x 104 M1,
which was about 20 times smaller than the binding constant for the
specific binding between the Ag™" ion and the C:C mismatched base
pair (Table 1). Thus, the amount of the Ag™ ion to nonspecifically
bind with the phosphate backbones of the duplex DNA may be less
than a few percent of that to specifically bind with the C:C mis-
matched base pair. The very small amount of the Ag" ion may not
significantly affect a 1:1 binding stoichiometry. Although the sign of
AH was negative, the sign of AS was positive. Because both the
observed negative AH and positive AS were favorable for the specific
binding between the Ag™ ion and the C:C mismatched base pair, the
specific binding between the Ag" ion and the C:C mismatched base
pair was driven by both the negative AH and positive AS. The
magnitudes of the observed K, and AG were significantly larger than
those previously reported for the nonspecific interaction between
metal ion and DNA (3.2 x 10°~1.4 x 10° M) [3—8,15], indicating
that the Ag" ion specifically bound with the C:C mismatched base
pair. To examine the concentration dependence of the obtained
thermodynamic parameters, we performed the same ITC experi-
ments using 80 M and 120 pM target duplex DNA (Table S11) as
those using 40 uM target duplex DNA (Table 1). The obtained ther-
modynamic parameters were quite similar in magnitude to those
shown in Table 1. The concentration did not significantly affect the
thermodynamic parameters for the specific binding between the
Ag* ion and the C:C mismatched base pair.

Thermodynamic parameters for the specific binding between the Ag* ion and the C:C mismatched base pair at 25 °C and pH 6.8 in 10 mM sodium cacodylate-cacodylic acid

and 100 mM NaNOs, obtained from ITC measurements.

Profile n Ky (M1 AG (kcal mol~1) AH (kcal mol™') AS (cal mol~ ' K1)
(XY = C:0) —(X.Y = C:G) 1.06 £ 0.03 (586 + 129) x 10° 787+ 015 237 £ 007 184 1 0.7
(XY = C:0) —(X:Y = G:C) 121 4 0.07 (292 + 1.13) x 10° ~7.45 1 029 —2.55+ 017 165+ 1.5
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Further, we examined the interaction between the Ag™ ion and
the double C:C mismatched base pair duplex, APMF25C-
C:APMR25CC (Figure S2), by ITC (Figure S3). The thermodynamic
parameters for the specific binding between the Ag™ ion and the
double C:C mismatched base pair were obtained from Figure S3
in the same way as those between the Ag™ ion and the single
C:C mismatched base pair. Table S12 summarizes the thermody-
namic parameters for the specific binding between the Ag' ion
and the double C:C mismatched base pair, which were based on
a model of 2 binding sites. The values of n; and n, were nearly 1,
indicating that 1:1 stoichiometric binding was achieved in each
binding step. The magnitudes of the observed K, and AG, for the
second binding between the second Ag"' ion and the second C:C
mismatched base pair were similar to those of the observed K,
and AG; for the first binding between the first Ag™ ion and the
first C:C mismatched base pair. The obtained thermodynamic
parameters, n, K;, and AG, were quite similar in magnitude to
those shown in Table 1. On the other hand, the magnitude of the
negative enthalpy change for the second Ag" binding, AH,, was
significantly larger than that for the first Ag™ binding, AH;. In
addition, although the sign of the entropy change for the first Ag"
binding, AS;, was positive, that for the second Ag' binding, AS,,
was negative. Therefore, the thermodynamic properties of AH
and AS were quite different between the first and second Ag™®
binding.

3.3. ESI-MS of the complex between the Ag™ ion and each of
mismatched base pair duplex DNA and the corresponding perfectly
matched duplex DNA

To examine the molar ratio of the binding between the Ag™
ion and the C:C mismatched base pair, we analyzed the interac-
tion by ESI-MS as a function of a molar ratio of [Ag" ion]/[duplex
DNA]. We measured the ESI-MS spectra of the mixture of the Ag™
ion and a 15 base pair duplex, APMF15Z:APMR15C (Z:C = C:C and
G:C) (Fig. 1b), which corresponds to the base sequence just in the
middle of APMF25X:APMR25Y (X:Y = C:C and G:C), to obtain
good signals and have less competing binding sites (Fig. 4). In the
case of Z:C = C:C, the intensity of the peak corresponding to the
free duplex ([duplex-5H]°") was significantly decreased, and
a new peak corresponding to 1:1 complex between the Ag™ ion
and the duplex ([duplex-6H + Ag]®") appeared at a molar ratio of
1.0 (1.0 eq Ag for Z:C = C:C). At a molar ratio of 2.0 and 3.0 (2.0 eq
Ag and 3.0 eq Ag for Z:C = C:C), the peak corresponding to the
free duplex ([duplex-5H]’") almost disappeared, and the main
peak corresponding to 1:1 complex ([duplex-6H + Ag]>’) was
maintained. In contrast, in the case of Z:C = G:C, the intensity of
the peak corresponding to the free duplex ([duplex-5H]>") was
not significantly changed, although a new small peak corre-
sponding to 1:1 complex between the Ag" ion and the duplex
([duplex-6H + Ag]>") appeared at a molar ratio of 1.0 (1.0 eq Ag
for Z:C = G:C). The peak corresponding to the free duplex
([duplex-5H]>") was still observed even at a molar ratio of 2.0 and
3.0 (2.0 eq Ag and 3.0 eq Ag for Z:C = G:C). These results indicate
that the Ag" ion specifically bound with only the C:C mismatched
base pair at a molar ratio of 1:1, consistent with the ITC results
(Table 1). On the other hand, at a molar ratio of 2.0 and 3.0 (2.0 eq
Ag and 3.0 eq Ag for Z:C = C:C and G:C) corresponding to
the addition of an excess Ag™ ion, additional peaks([duplex-
7H + 2Ag]> and [duplex-8H + 3Ag]*>) were observed for both
Z:C = C:C and G:C, suggesting the extra binding sites of the Ag*
ion by nonspecific binding with lower binding affinity. The
background exothermic heat pulse observed for X:Y = C:G and
G:Cin ITC (Fig. 3) may be related to the nonspecific binding of the
Ag' ion to the extra binding sites.

3.4. CD spectroscopy of mismatched base pair duplex DNA and the
corresponding perfectly matched duplex DNA either with or without
the Ag" ion

To examine the effect of the Ag™ ion binding on the higher-order
structure of duplex DNA, CD spectra of 1 uM APMF25X:APMR25Y
(X:Y =C:C, C:G and G:C) (Fig. 1b) were measured in 10 mM sodium
cacodylate-cacodylic acid (pH 6.8) and 100 mM NaNOs either with
or without 1 pM AgNOs at 25 °C (Fig. 5). The CD profile of X:Y = C:C,
C:G and G:C with AgNO3 was quite similar to that observed without
AgNOs. This result indicates that there was no significant change in
the higher-order structure of X:Y = C:C, C:G and G:C on the addition
of the Ag" ion. When a B to A-DNA conformational change is
induced as previously observed by other groups upon the
Agbinding to the N7 position of the guanine [20], a large positive
band should appear at 260 nm [21]. However, such spectral change
was not observed upon the formation of the C—Ag—C complex. The
higher-order structure of the mismatched base pair duplex DNA
(X:Y = C:C) was not significantly distorted by the binding of the Ag™
ion. Although we measured the CD profiles in the wavelength range
of 210—320 nm, the CD profiles in the experimental buffer con-
taining NO3 were quite noisy in the wavelength range of
210—250 nm due to the presence of NO3. Thus, we showed the CD
spectra only in the wavelength range of 250—320 nm (Fig. 5).

3.5. NMR of the complex between the Ag™ ion and each of
uniformly >N-labeled cytidine and a non-labeled duplex

Our previous NMR study of the interaction between the Ag™ ion
and the C:C mismatched base pair duplex DNA showed that one C:C
mismatched base pair captured one Ag" ion, and the proton
exchange rate between Ag"-free and Ag"-complexed duplex DNAs
was slow relative to the timescale of the NMR measurement [10].
However, the binding position of the Ag" ion with the C:C mis-
matched base pair remained unclear. Thus, to reveal the binding
position of the Ag™ ion with the C:C mismatched base pair, we first
measured the >N NMR and 'H NMR spectra for the interaction
between the Ag* ion and uniformly °N-labeled cytidine (Figs. 6
and 7). In > N-NMR spectra (Fig. 6), the N3 signal of the labeled
cytidine was drastically upfield shifted by 21.8 ppm upon the
binding with the Ag® ion at a molar ratio of [Ag*]/[°N-labeled
cytidine] = 0.5, but the chemical shifts of the N1 and NH; signals
were changed only by 0.39 ppm and 5.80 ppm, respectively, at the
same molar ratio (Table 2). The similar chemical shift changes were
also observed at a molar ratio of [Ag*]/['°N-labeled cytidine] = 1.0.
These results indicate that the preferential binding site of the Ag™"
ion was the N3 position of the cytidine. Also, in 'H NMR spectra
(Fig. 7), the H5 and H6 signals of the labeled cytidine were down-
field shifted by 0.26 ppm and 0.22 ppm, respectively, upon the
binding of the Ag™ ion with N3 of the cytidine (Table 2). Next, we
measured the two-dimensional 'H-'H COSY spectra for the inter-
action between the Ag" ion and a non-labeled duplex 1 (Fig. 1b)
containing a C:C mismatched base pair, which was composed of
two SS1 strands (Fig. 8). The H5 and H6 signals of the C:C mis-
matched base pair in duplex 1 were downfield shifted by 0.21 ppm
and 0.25 ppm, respectively, upon the Ag™ ion complexation (Fig. 8
and Table 2). It should be noted that these chemical shift changes
were quite similar in magnitude to those observed for the H5 and
H6 signals of the labeled cytidine upon the binding with the Ag™
ion (Table 2). The NMR data suggest that the binding site of the Ag™
ion would also be the N3 positions of the C:C mismatched base pair
in duplex 1. Also, the chemical shift change for the H5 and H6
signals upon the binding with the Ag™ ion was almost terminated at
the molar equivalency of [Ag" ion]/[duplex 1] = 1.0 (Fig. 8), indi-
cating that the duplex 1 bound with the Ag* ion at a molar ratio of
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Fig. 4. ESI-MS spectra of APMF15Z:APMR15C (Z:C = C:C, G:C), corresponding to the base sequence just in the middle of APMF25X:APMR25Y (X:Y = C:C, G:C), with or without the
Ag* ion. Each aqueous solution containing the duplex DNA and the Ag™ ion in 62.5 mM CH3COONH,4 (pH 7.0) was diluted with CH30H to give 10 tM DNA in 50 mM CH3COONH4
buffer dissolved in the solvent (H0:CH50H = 4:1).

1:1, which was consistent with the results of ITC (Table 1). These 4. Discussion

results reveal that the Ag™ ion may bind with the N3 positions of

the two cytosine bases and bridge the two cytosine bases to form UV melting analyses showed that the addition of the Ag™ ion
the C—Ag—C complex (Fig. 1a) in the duplex DNA. significantly increased the thermal stability of the duplex DNA with

Please cite this article in press as: H. Torigoe, et al., Thermodynamic and structural properties of the specific binding between Ag* ion and C:C
mismatched base pair in duplex DNA to form C—Ag—C metal-mediated base pair, Biochimie (2012), http://dx.doi.org/10.1016/
j.biochi.2012.06.024

—125—



H. Torigoe et al. / Biochimie xxx (2012) 1-10 7

Fig. 5. CD spectra of APMF25X:APMR25Y, [X:Y = C:C (a), X:Y = C:G (b) and X:Y = G:C
(c)], with or without AgNOs. Duplexes (1 uM) at 25 °C and pH 6.8 in 10 mM sodium
cacodylate-cacodylic acid and 100 mM NaNOs; with or without 1 uM AgNO; were
measured at a wavelength range of 250—320 nm. The cell path length was 1 cm.

the C:C mismatched base pair (Fig. 2 and Fig. S1 and Table S1).
However, the thermal stability of the duplex DNAs with the
perfectly matched base pairs (X:Y = A:T, C:G, G:C and T:A) and that
of the duplex DNAs with the other kinds of mismatched base pairs
(X:Y = A:A, A:C A:G, CA, C:T, G:A, G:G, G:T, T:C, T:G and T:T) were
not significantly changed by the addition of the Ag" ion (Fig. 2 and
Table S1). Thus, only the duplex DNA with the C:C mismatched base
pair was specifically stabilized by the addition of the Ag* ion. The
base pair specificity has not been examined previously [10]. We also
showed that other metal ions, such as Mn?*, Co®*, Ni%*, Zn?>*, Ru+,
cd?*, TI*, Pb** and Hg?*, did not show any notable effect on the
thermal stability of the duplex DNA with the C:C mismatched base
pair (Tables S2-S10). Therefore, only the Ag® ion was able to
specifically increase the thermal stability of the duplex DNA with
the C:C mismatched base pair. We previously reported that a C:C

Fig. 6. >N NMR spectra of a uniformly >N-labeled cytosine mononucleoside with or
without the Ag* ion. >N NMR spectra of 15 mM uniformly '*N-labeled cytidine with
various concentrations of the Ag" ion were measured in DMSO-dg at 25 °C. Molar
ratios are labeled at the left side of the spectra. Resonance assignments are indicated in
the spectra.

mismatched base pair duplex DNA with another base sequence was
also stabilized not by other metal ions (Mg>*, Ca**, Mn**, Fe?*,
Fe3*, Co?*, Ni?*, cu?*, Zn?*, Ru**, Pd%*, Cd?*, and Pb%*) but by only
the Ag™ ion [10], which was consistent with the present results.
Combining these results, we conclude that the combination of the
Ag* ion and the duplex DNA with the C:C mismatched base pair is
highly specific for the stabilization of the complex between metal
ion and duplex DNA.

The ITC profile for the injection of the Ag™ ion into the perfectly
matched duplex DNA (X:Y = C:G and G:C) was examined in the
presence of 100 mM NaNOs (Fig. 3b and c). A large magnitude of
exothermic heat pulse was observed after each injection, and the

Fig. 7. "H NMR spectra of a uniformly '>N-labeled cytosine mononucleoside with or
without the Ag* ion. "H NMR spectra of 15 mM uniformly '°N-labeled cytidine with
various concentrations of the Ag" ion were measured in DMSO-dg at 25 °C. Molar
ratios are labeled at the left side of the spectra. Resonance assignments are indicated in
the spectra.

j-biochi.2012.06.024

Please cite this article in press as: H. Torigoe, et al., Thermodynamic and structural properties of the specific binding between Ag™ ion and C:C
mismatched base pair in duplex DNA to form C—Ag—C metal-mediated base pair, Biochimie (2012), http://dx.doi.org/10.1016/

—126 —



8 H. Torigoe et al. / Biochimie xxx (2012) 1-10

Table 2

'H and >N NMR chemical shift perturbations of cytosine base in a uniformly '°N-
labeled cytosine mononucleoside and a nonlabeled duplex 1 upon the binding with
the Ag™ ion, obtained from 'H NMR and "N NMR spectra.

Nucleus Site [Ag*]/['°N-labeled [Ag*]/['°N-labeled [Ag*]/[Nonlabeled

cytidine] = 0.5 cytidine] = 1.0 duplex 1] = 1.0
(ppm)* (ppm)* (ppm)*
H H5 +0.25 +0.26 +0.21
H6 +0.22 +0.22 +0.25
5N N1 -0.39 ~0.42 na®
N3 218 —245 na®
NH, +5.80 +6.30 na®

@ Positive and negative values correspond to the downfield and upfield shifts,
respectively.
b Not applicable due to the absence of °N labeling of the duplex 1.

magnitude of each peak was not significantly different after each
injection. To confirm that the exothermic heat pulses are derived
from the nonspecific binding between the Ag™ ion and the phos-
phate backbones of the perfectly matched duplex DNA, we
measured the ITC profile for the injection of the Ag" ion into
X:Y = G:C in the presence of higher salt concentration, 1 M NaNO3
(Figure S4a). Similar to the case in the presence of 100 mM NaNOs3

Fig. 8. 'H-'H COSY spectra of a nonlabeled duplex 1 with or without the Ag* ion.
'H-"H COSY spectra of 1.3 mM nonlabeled duplex 1 with various concentrations of the
Ag" ion were measured in D,O with 100 mM NaNOs at 25 °C. Molar equivalency of
[Ag" ion]/[duplex 1] is labeled on top of each spectrum. Hs—Hg cross peaks of Ag*-free
and Ag*-bound forms are labeled with black and white arrows, respectively.

(Fig. 3c), an exothermic heat pulse was observed after each injec-
tion and no significant difference in the magnitude of each peak
was observed. The magnitudes of the exothermic heat pulses in the
presence of 1 M NaNOs; were significantly smaller than those
observed in the presence of 100 mM NaNOs (Figure S4b). Before
injecting the Ag™ ion, the phosphate backbones of X:Y = G:C may
bind with the Na™ ion. The binding affinity of the Na* ion with the
phosphate backbones of X:Y = G:C in the presence of 1 M NaNO3
may be larger than that in the presence of 100 mM NaNOs. The
bound Na' ion may be exchanged by the injected Ag™ ion. The
degree of the exchange by the Ag" ion in the presence of 1 M NaNO3
may be smaller than that in the presence of 100 mM NaNOs due to
the larger binding affinity of the Na® ion. Thus, the smaller
magnitudes of the heat pulses upon the binding of the Ag™ ion with
the phosphate backbones were observed in the presence of 1 M
NaNOs3 (Figure S4b). This suggests that the heat pulses observed
upon the binding between the Ag™ ion and the perfectly matched
duplex DNA (X:Y = C:G and G:C) (Fig. 3b and c) may result from the
nonspecific binding between the Ag™ ion and the DNA phosphate
backbones.

ITC analyses revealed that the Ag" ion specifically bound with
the C:C mismatched base pair in the duplex DNA at a molar ratio of
1:1 (Fig. 3 and Table 1). ESI-MS also supported the specific binding
and the molar ratio of 1:1 between the Ag" ion and the C:C mis-
matched base pair (Fig. 4). The termination of the chemical shift
change for the H5 and H6 signals at the molar equivalency of [Ag™
ion]/[duplex 1] = 1.0 also indicated that the duplex 1 binds with the
Ag* ion at a molar ratio of 1:1 (Fig. 8). The specific binding of the
Ag* ion with the C:C mismatched base pair may result in the
observed specific stabilization of the C:C mismatched base pair
duplex DNA by the addition of the Ag™ ion (Fig. 2 and Table S1). We
previously reported that the Hg?* ion specifically bound with the
T:T mismatched base pair in the duplex DNA at a molar ratio of 1:1
to form T-Hg-T metal-mediated base pair [16—19]. Both the Hg**
and Ag" ion have been known to bind selectively with base
moieties rather than with the phosphate and sugar groups in DNA
[22—29]. In the case of the T-Hg-T base pair, our previous study of
15N NMR spectra of the complex between the Hg?* ion and the
duplex DNA containing the T:T mismatched base pair labeled with
15N at the N3 position [30,31] showed that >N-1°N J-coupling was
observed across the Hg?* ion with the coupling constant (?Jyn) of
2.4 Hz, and the Hg?* ion specifically bound with the N3 positions of
the two thymine bases in place of the imino protons and bridged
two thymine bases to form the T-Hg-T base pair. Analogous to the T-
Hg-T base pair formation, the Ag" ion may specifically bind with
the N3 positions of the two cytosine bases and bridge the two
cytosine bases to form the C—Ag—C base pair. A similar binding
mode to bind with the N3 positions was proposed for the interac-
tion between the Ag" ion and artificially designed pyridine nucle-
obases in duplex DNA [29]. We previously analyzed the 'H-NMR
spectra of the C:C mismatched base pair duplex DNA in the absence
and presence of the Ag™ ion [10]. The proton exchange rate
between the Ag'-free and Ag™-bound duplex DNAs was slow
relative to the timescale of the NMR measurement [10], although
the exchange rates of metal ion association—dissociation processes
with DNA/RNA molecules were usually fast relative to the timescale
of the NMR measurement [32]. The similar slow proton exchange
rate was also observed in the 'TH-NMR study of the T-Hg-T base pair
formation, where the Hg" ion bound with the N3 positions of the
two thymine bases [17]. Thus, the observed slow proton exchange
rate for the C—Ag—C formation suggested that the Ag™ ion may bind
with the inner N3 positions rather than with the outer 02 or N4
positions. To reveal the binding position of the Ag* ion with the C:C
mismatched base pair more clearly, we performed more extensive
NMR experiments in the present study. Our present NMR study of
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the Ag* ion binding with uniformly "N-labeled cytidine indicated
that the preferential binding site of the Ag™ ion was the N3 position
of the cytidine (Fig. 6), and the H5 and H6 signals of the labeled
cytidine were downfield shifted upon the binding of the Ag™ ion
with N3 of the cytidine (Fig. 7). The chemical shift changes for the
H5 and H6 signals of the labeled cytidine upon the binding of the
Ag" ion were quite similar in magnitude to those of the C:C mis-
matched base pair in duplex 1, suggesting that the binding site of
the Ag" ion would also be the N3 positions of the C:C mismatched
base pair in duplex 1 (Fig. 8 and Table 2). Taken together, we
conclude that the Ag* ion may bind with the N3 positions of the
two cytosine bases and bridge the two cytosine bases to form the
C—Ag—C complex (Fig. 1a) in the duplex DNA. However, our NMR
data cannot fully exclude additional binding to the exocyclic O2 or
N4 positions of the cytosine bases [28]. Also, a previous infrared
spectroscopic study proposed a possibility for the binding of the
Agtion to the N7 position of the guanine bases in calf thymus DNA
films [20].

The K, and AG for the specific binding between the Ag™ ion and
the C:C mismatched base pair was nearly 106 M~!
and —7.7 kcal mol~, respectively (Table 1). The magnitudes of the
observed K, and AG are significantly larger than those previously
reported for the nonspecific interaction between metal ion and
DNA (3.2 x 103°~1.4 x 10° M~!) [3—8,15], supporting the specific
binding between the Ag™ ion and the C:C mismatched base pair.
The thermodynamic properties of the specific binding have not
been examined previously [10]. The observed AG resulted from
both the observed negative AH and positive AS (Table 1). The
positive AS for the specific binding between the Ag™ ion and the C:C
mismatched base pair measured by ITC (Table 1) includes a major
contribution of a positive dehydration entropy change from the
release of structured water molecules surrounding the Ag* ion and
the DNA, and a conformational entropy change from the confor-
mational change of duplex DNA upon binding with the Ag™ ion [33].
The CD spectra showed that the higher-order structure of the
duplex DNA was not significantly distorted by the specific binding
of the Ag* ion (Fig. 5), suggesting no significant contribution of
a conformational entropy change to the observed positive AS
(Table 1). Thus, the observed positive AS (Table 1) may mainly
result from the positive dehydration entropy change from the
release of structured water molecules surrounding the Ag™ ion and
the DNA. In fact, a positive dehydration entropy change of the Ag*
jon (18 cal mol~! K~1) [34] is similar in magnitude to the observed
positive AS (Table 1). On the other hand, the negative AH for the
specific binding between the Ag™ ion and the C:C mismatched base
pair measured by ITC (Table 1) reflects a major contribution from
a positive dehydration enthalpy change of the Ag® ion
(115 kecal mol~1) [35], and a negative binding enthalpy change from
the bond formation between the Ag* ion and the Ag* ion binding
positions in the two cytosine bases to form the C—Ag—C complex.
Because the sign of the binding enthalpy change upon the bond
formation to form the C—Ag—C complex was negative and the sign
of the dehydration enthalpy change was positive, the observed
negative AH (Table 1) might have been mainly driven by the
negative binding enthalpy change upon the bond formation to form
the C—Ag—C complex. Based on these, we propose a possible
scheme for the specific binding between the Ag™ ion and the C:C
mismatched base pair (Fig. 9). The Ag* ion surrounded by struc-
tured water molecules may be dehydrated with significant contri-
bution of the positive dehydration entropy change. The dehydrated
Ag* ion may bind with the two cytosine bases to form the C—Ag—C
complex with significant contribution from the negative binding
enthalpy change.

Previous study by capillary electrophoresis reported the binding
constant of 8.3 x 10* M~ for the Ag* ion binding to the N7 position

Fig. 9. Possible scheme for the specific binding between the Ag" ion and the C:C
mismatched base pair. The Ag* ion surrounded by structured water molecules may be
dehydrated. The dehydrated Ag™ ion may bind with the two cytosine bases to form an
N3—Ag—Nj3 bond.

of the guanine bases in calf thymus DNA [36], which was about 10
times smaller than those obtained from the present study (nearly
10 M) for the Ag* ion binding to the N3 positions of the C:C
mismatched base pair. The number of Ag—N bond formed for the
C—Ag—C complex may be larger than that formed for the Ag-G
adduct, which may result in larger magnitude of the negative
binding enthalpy change and provide a favorable component to the
Gibbs free energy change and the binding constant.

5. Conclusions

The present study has demonstrated that the combination of the
Ag" ion and the C:C mismatched base pair is highly specific for the
metal-mediated base pair formation. The present work has also
revealed that the binding constant between the Ag" ion and the C:C
mismatched base pair is significantly larger than those for
nonspecific interactions between metal ions and DNA. The specific
binding between the Ag" ion and the C:C mismatched base pair
with large binding affinity may be applied to various applications.
The formation of the C—Ag—C metal-mediated base pair with the
large binding affinity may enable alignment of multiple Ag" ions in
natural C-rich duplex DNA, which may lead to construction of
metallic nanowires and design of biomolecular electronic devices
[37]. Further, due to the high binding specificity, the binding
between the Ag' ion and the C:C mismatched base pair can be
applied to the detection of base differences in duplex DNA, which
may lead to development of efficient strategy to detect the single
nucleotide polymorphisms, the most abundant form of natural
genetic variation in the human genome, and promotion of
customized medicine [38]. In addition, by the specific binding
between the Ag" ion and the C:C mismatched base pair, C-rich
oligonucleotides immobilized on the polymer beads can be applied
to the removal of the Ag™ ion in industrial wastewater, which may
lead to advancement of convenient methods to improve the natural
environment [39]. Taken together, we conclude that the specific
formation of C—Ag—C base pair with large binding affinity would
provide a binding mode of metal ion-DNA interactions, similar to
that of the previously reported T-Hg-T base pair [16—19]. The
C—Ag—C base pair may be useful for wide variety of potential
applications of metal-mediated base pairs in various fields, such as
material, life and environmental sciences.
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Metal-mediated base pairs by the interaction between metal ions and artificial bases in oligonucleotides
have been developed for their potential applications in nanotechnology. We recently found that a natural
T:T mismatched base pair bound with Hg?* ion to form a novel T-Hg-T base pair. Here, we examined
the thermodynamic properties of the binding between Hg?* and each of the single and double T:T mis-
matched base pair duplex DNAs by isothermal titration calorimetry. Hg?* specifically bound with the T:T
mismatched base pair at 1:1 molar ratio with 106 M~! binding constant, which was significantly larger
than those for nonspecific metal ion-DNA interactions. In the Hg?*-double T:T mismatched base pair
interaction, the affinity for the second Hg?* binding was significantly larger than that for the first Hg?*
binding. The positively cooperative binding may be favorable to align multiple Hg?* in duplex DNA for

the application of the metal-mediated base pairs in nanotechnology.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The interactions between metal ions and nucleic acids have
attracted considerable interest not only for their involvement in
biological processes, such as RNA folding [1,2] and enzymatic activ-
ity of ribozymes [3,4], but also for their wide variety of potential
applications in nanotechnology including the design of biomolec-
ular nanomachines and nanodevices [5,6]. Metal-mediated base
pairs by the interaction between metal ions and artificial bases
in synthetic oligonucleotides have been extensively developed for
their potential applications in nanotechnology [7-15]. The metal
ions were placed between the two artificial bases in duplex oligonu-
cleotides, as shown by structural analyses of the complex between
the metal ions and the artificial bases [16,17]. On the other hand,
we have recently found an alternative method for generating
metal-mediated base pairs in duplex DNA, based on the binding
between a metal ion and a natural base in duplex DNA [18-21].
Only Hg?* ion and no other metal ions bound with a natural base,
thymine-thymine (T:T) mismatch, in a duplex DNA to form T-Hg-T
base pair (Fig. 1a), and the binding of the Hg2* ion stabilized the
duplex DNA with the T:T mismatched base pair [18,19]. The ther-
mal stability of the duplex DNA with the T-Hg-T base pair was
comparable to that with the corresponding normal T:A or A:T base
pair [19]. Hg2* ion specifically bound with the T:T mismatched base
pair, and did not bind with the perfectly matched base pairs and the

* Corresponding author. Tel.: +81 3 5228 8259; fax: +81 3 5261 4631.
E-mail address: htorigoe@rs.kagu.tus.ac.jp (H. Torigoe).

0040-6031/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2011.03.018

other kinds of mismatched base pairs [22,23]. Because the artifi-
cial bases are more difficult to be prepared due to time-consuming
organic synthesis in comparison with the natural T:T mismatch,
the T-Hg-T base pair formation (Fig. 1a) is more convenient than
the base pair formation between the metal ions and the artificial
bases. In spite of these convenient properties of the T-Hg-T base
pair (Fig. 1a), the mechanistic explanation for the T-Hg-T base pair
formation was not clearly understood. Therefore, here, we have
expanded our previous line of research to explore the thermody-
namic properties of the interaction between the Hg2* ion and the
T:T mismatched base pair. To explore the possibility for the appli-
cation of multiple aligned T-Hg-T base pairs in duplex DNA to
nanotechnology, we have examined the thermodynamic proper-
ties of the Hg2* ion binding with not only single but also double
T:T mismatched base pairs. The interaction between the Hg?* ion
and each of the single and double T:T mismatched base pair duplex
DNA and the corresponding perfectly matched duplex DNA was
analysed by isothermal titration calorimetry (ITC) [24], and circu-
lar dichroism (CD) spectroscopy. ITC analyses have demonstrated
that the Hg2* ion specifically bound with the T:T mismatched base
pair in the duplex DNA at a molar ratio of 1:1 with a binding con-
stant of nearly 106 M~1. The magnitude of the observed binding
constant was significantly larger than those previously reported for
the nonspecific interactions between metal ion and DNA [25-31].
The specific binding between the Hg2* ion and the T:T mismatched
base pair was driven by both a negative enthalpy change and a
positive entropy change. ITC analyses of the interaction between
the HgZ* ion and the double T:T mismatched base pair duplex DNA
have revealed that the affinity of the second binding between the
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Fig. 1. (a) Structural formula of T-Hg-T base pair. (b) Oligonucleotide sequences of
the target duplex INSF25UVW:INSR25XYZ used in the present study.

second Hg2* ion and the second T:T mismatched base pair was sig-
nificantly larger than that of the first binding between the first Hg2*
ion and the first T:T mismatched base pair. The positive coopera-
tivity was observed for the specific binding between the HgZ* ion
and the double T:T mismatched base pairs. The positively coop-
erative binding would be favorable to align multiple Hg?* ions in
duplex DNA and support further progress in potential applications
of metal-mediated base pairs in nanotechnology.

2. Experimental
2.1. Preparation of oligonucleotides

We synthesized 25-mer complementary DNA oligonu-
cleotides, INSF25UVW: 5'-GCCCTGCCTGUVWCCCAGATCACTG-3'
(UVW=TTT) (Fig. 1b) and INSR25XYZ: 5'-CAGTGATCTG
GGXYZCAGGCAGGGC-3' (XYZ=AAA, TAA, TTA, TAT) (Fig. 1b),
on a DNA synthesizer by using the solid-phase cyanoethyl phos-
phoramidite method; we then purified them with reverse-phase
high-performance liquid chromatography (HPLC) on a Wakosil
DNA column. The concentration of all oligonucleotides was deter-
mined by UV absorbance. The purified complementary strands,
INSF25UVW and INSR25XYZ, were annealed by heating at up to
90°C, followed by a gradual cooling to room temperature. The
annealed sample was applied on a hydroxyapatite column (BIORAD
Inc.) to remove the unpaired single strands. The concentration
of the duplex DNA (INSF25UVW:INSR25XYZ) was determined
by UV absorption considering the DNA concentration ratio of 1
OD =50 pg/ml, with a M; of 16,500.

2.2. Isothermal titration calorimetry (ITC)

Isothermal titration experiments were carried out on a
VP ITC system (Microcal Inc., U.S.A.) [24]. The duplex DNA

(INSF25UVW:INSR25XYZ) solutions were prepared by extensive
dialysis against buffer A [10 mM sodium cacodylate-cacodylic acid
(pH 6.8) and 100 mM NaClO4]. Hg(ClO4), was dissolved in the dial-
ysis buffer. The Hg(ClO4); solution in buffer A was injected 20 or 40
times in 5-pl increments at 5-min intervals into the duplex DNA
(INSF25UVW:INSR25XYZ) solution without changing the reaction
conditions. The heat for each injection was subtracted by the heat
of dilution of the injectant, which was measured by injecting the
Hg(ClO4); solution into the same buffer. Each corrected heat was
divided by the moles of Hg(ClO,4), injected and analysed with
Microcal Origin software supplied by the manufacturer.

2.3. CD spectroscopy

CD spectra were recorded at 25°C and pH 6.8 in buffer A either
with or without Hg(ClO4), on a JASCO ]-720 spectropolarimeter
interfaced with a microcomputer. The cell path length was 1 cm.
The concentration of the duplex DNA (INSF25UVW:INSR25XYZ)
used was 1 M.

3. Results

3.1. ITC analyses of the interaction between the Hg?* ion and
each of the single mismatched base pair duplex DNA and the
corresponding perfectly matched duplex DNA

We examined the thermodynamic properties of the interaction
between Hg(ClO4); and each of the single T:T mismatched base
pair duplex DNA, INSF25TTT:INSR25TAA (Fig. 1b), and the corre-
sponding perfectly matched duplex DNA, INSF25TTT:INSR25AAA
(Fig. 1b), at 25°C and pH 6.8 by ITC (Fig. 2) [24]. Fig. 2a shows
a typical ITC profile of the interaction between Hg(ClO4), and
INSF25TTT:INSR25TAA at 25°C and pH 6.8. An exothermic heat
pulse was observed each time after Hg(ClO4); was injected into
INSF25TTT:INSR25TAA. The magnitude of each peak decreased
gradually with each new injection, and a peak was still observed
at a molar ratio of the last injection. The area under each peak
was integrated, and the heat of the dilution of Hg(ClO4), mea-
sured in a separate experiment by injecting Hg(ClO4), into the
same buffer was subtracted from the integrated values. The cor-
rected heat was divided by the moles of injected solution, and
the resulting values were plotted as a function of a molar ratio
of [Hg?* ion]/[INSF25TTT:INSR25TAA] (closed circles in Fig. 2c).
The resultant titration plot was sigmoidal, indicating that the Hg*
ion specifically bound with INSE25TTT:INSR25TAA. On the other
hand, the ITC profile of the interaction between Hg(ClO4), and
INSF25TTT:INSR25AAA at 25°C and pH 6.8 is shown in Fig. 2b.
Although an exothermic heat pulse was observed after each injec-
tion of Hg(ClO4), into INSF25TTT:INSR25AAA, the magnitude of
each peak was not significantly changed with each new injec-
tion, which was in sharp contrast with the ITC profile observed
for the interaction between Hg(ClO4), and INSF25TTT:INSR25TAA
(Fig. 2a). The titration plot obtained from Fig. 2b (closed squares
in Fig. 2¢) in the same way as that obtained from Fig. 2a (closed
circles in Fig. 2c) was not sigmoidal, indicating that the Hg2* ion
nonspecifically bound with INSF25TTT:INSR25AAA.

The nonspecific binding between the Hg?* ion and
INSF25TTT:INSR25AAA judged from the ITC titration plot (Fig. 2c)
suggests that the Hg2* ion may bind with the phosphate backbones
of the perfectly matched duplex DNA (INSF25TTT:INSR25AAA) in
a nonspecific manner due to the attraction between the positive
charge of the Hg2" ion and the negative charge of the DNA phos-
phate backbones. The nonspecific binding with the DNA phosphate
backbones has been reported for many other metal ions, such as
Mg?* [32,33], Ca2* [32,33], AI3* [34], Ga3* [34], Cr3* [25], Fe3* [27],
Cu?* [35], and Pb%* [35]. On the other hand, the specific binding
between the Hg2* ion and INSF25TTT:INSR25TAA judged from the

—131—



30 H. Torigoe et al. / Thermochimica Acta 532 (2012) 28-35

Fig. 2. Thermodynamic analyses of the interaction between the Hg?* ion and each of the single T:T mismatched base pair duplex (INSF25TTT:INSR25TAA) and the corre-
sponding perfectly matched duplex (INSF25TTT:INSR25AAA). (a and b) Typical ITC profile of the interaction between Hg(ClO4), and each of INSF25TTT:INSR25TAA (a) and
INSF25TTT:INSR25AAA (b) at 25°C and pH 6.8 in buffer A (see Section 2). Hg(ClO4), solution (1 mM in buffer A) was injected 20 times in 5-ul increments into each of
INSF25TTT:INSR25TAA (a) and INSF25TTT:INSR25AAA (b) solution (40 wM in buffer A). Injections were administered over 12's at 5-min intervals. (c) Titration plots against
the molar ratio of [Hg?* ion]/[duplex DNA], obtained from the ITC profiles in (a) and (b). (d) ITC profile for the specific binding between the Hg?* ion and the single T:T
mismatched base pair, obtained by subtracting the ITC profile observed for INSF25TTT:INSR25AAA in (b) from that observed for INSF25TTT:INSR25TAA in (a). (e) Titration
plot against the molar ratio of [Hg?* ion]/[duplex DNA], obtained from the ITC profile in (d). The data were fitted by a nonlinear least-squares method.

ITC titration plot (Fig. 2¢) suggests that the Hg2* ion may specifically
bind with the single T:T mismatched base pair of the mismatched
base pair duplex DNA (INSF25TTT:INSR25TAA) in addition to the
nonspecific binding between the Hg2* ion and the DNA phosphate
backbones of INSF25TTT:INSR25TAA. Thus, the net heat derived
from the specific binding between the Hg?* ion and the single T:T
mismatched base pair of INSF25TTT:INSR25TAA should be esti-
mated by subtracting the heat observed for INSF25TTT:INSR25AAA
from that observed for INSF25TTT:INSR25TAA. Based on these
considerations, to analyse the thermodynamic parameters of
the specific binding between the Hg?* ion and the single T:T
mismatched base pair of INSF25TTT:INSR25TAA, the ITC profile
observed for INSF25TTT:INSR25AAA in Fig. 2b was subtracted from
that observed for INSF25TTT:INSR25TAA in Fig. 2a to obtain that in
Fig. 2d. The area under each peak in Fig. 2d was integrated, and the
integrated values were divided by the moles of the injected solu-
tion. The resulting values were plotted as a function of the molar
ratio of [Hg?* ion]/[duplex DNA] (Fig. 2e). The resultant titration
plot was fitted to a sigmoidal curve by a nonlinear least-squares
method. The stoichiometry, ny, the binding constant, K,;, and
the enthalpy change, AH;, for the specific binding between the
Hg2* ion and the single T:T mismatched base pair were obtained
from the fitted curve. The Gibbs free energy change, AGq, and
the entropy change, AS;, were calculated from the equation,

AG1 =—RTInK,; = AHy — TAS7, where R is gas constant and T is the
temperature.

Table 1 shows the thermodynamic parameters for the specific
binding between the Hg2* ion and the single T:T mismatched base
pair, obtained from Fig. 2e. The obtained value of n; was nearly
1, indicating that the single Hg?* ion bound with the single T:T
mismatched base pair at a molar ratio of 1:1. Although the sign
of AH; was negative, the sign of AS; was positive. Because both
the observed negative AH; and positive AS; were favorable for
the specific binding between the HgZ* ion and the single T:T mis-
matched base pair, the specific binding between the HgZ* ion and
the single T:T mismatched base pair was driven by both the nega-
tive AH; and positive AS;.The magnitudes of the observed K;; and
AGq were significantly larger than those previously reported for the
nonspecific interactions between metal ion and DNA [25-31], indi-
cating that the single Hg2" ion specifically bound with the single
T:T mismatched base pair.

3.2. ITC analyses of the interaction between the Hg?* ion and each
of the continuous or interrupted double T:T mismatched base pair
duplex DNA and the corresponding perfectly matched duplex DNA

To explore the possibility for the application of multiple aligned
T-Hg-T base pairs in duplex DNA to nanotechnology, the inter-
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Table 1

Thermodynamic parameters for the specific binding between the Hg?* ion and each of the single T:T mismatched base pair and the continuous or interrupted double T:T
mismatched base pairs at 25°C and pH 6.8 in 10 mM sodium cacodylate-cacodylic acid and 100 mM NaClOy4, obtained from ITC measurements.

Binding parameters Fig. 2e Fig. 3g Fig. 3h

n 1.16 +£0.04 1.10 + 0.04 1.10 + 0.04

Ka (M) (5.87+2.21) x 10° (5.58 + 2.86) x 10° (5.15 £ 3.82) x 10°
AG; (kJmol~1) —-329+1.2 -32.8+1.8 -326+34

AH; (kJmol-1) -259+1.3 -29.0+9.1 -28.4+3.6

AS; (Jmol-1 K1) 23.7+44 12.9 + 30.5 14.0 £ 12.2

ny na? 1.24 £ 0.10 1.27 +£0.12

K (M) na? (3.96 + 2.01) x 106 (8.01 + 4.10) x 106
AG, (kJmol1) na? -37.7+1.8 -39.4+1.8

AH, (kjmol-1) na? -23.6+5.3 -29.0+2.8

AS; Jmol T K1) na? 472 +17.8 349 + 95

ana: not applicable as the titration plot in Fig. 2e was fitted to a model of single binding site.

action of the Hg?* ion with not only single but also multiple T:T
mismatched base pair duplex DNA should be investigated. To this
end, we examined the thermodynamic properties of the interaction
between Hg(ClO4), and each of the continuous or interrupted dou-
ble T:T mismatched base pair duplex DNAs, INSF25TTT:INSR25TTA
or INSF25TTT:INSR25TAT (Fig. 1b), and the corresponding per-
fectly matched duplex DNA, INSF25TTT:INSR25AAA (Fig. 1b), at
25°C and pH 6.8 by ITC (Fig. 3). Fig. 3a shows a typical ITC profile
of the interaction between Hg(ClO4), and INSF25TTT:INSR25TTA
at 25°C and pH 6.8. An exothermic heat pulse was observed
each time after Hg(ClO4), was injected into INSF25TTT:INSR25TTA.
The magnitude of each peak decreased gradually with each
new injection, and a peak was still observed at a molar ratio
of the last injection. The interaction between Hg(ClO4), and
INSF25TTT:INSR25TAT at 25 °C and pH 6.8 also shows a similar ITC
profile (Fig. 3b). The titration plots obtained from Fig. 3a (closed
circles in Fig. 3d) and b (closed squares in Fig. 3d) in the same way
as shown in the Section 3.1 (Fig. 2c) were sigmoidal, indicating that
the HgZ* ion specifically bound with INSF25TTT:INSR25TTA and
INSF25TTT:INSR25TAT. On the other hand, the magnitude of each
exothermic heat pulse observed after each injection of Hg(ClO4),
into INSF25TTT:INSR25AAA was not significantly changed with
each new injection (Fig. 3c), and the titration plot obtained from
Fig. 3¢ (closed triangles in Fig. 3d) in the same way as shown in the
Section 3.1 (Fig. 2¢) was not sigmoidal, indicating the nonspecific
binding between Hg2* ion and INSF25TTT:INSR25AAA. The heat
pulse observed in Fig. 3a and b may result from the specific binding
between the Hg?* ion and the continuous or interrupted double T:T
mismatched base pairs of the duplex DNA (INSF25TTT:INSR25TTA
or INSF25TTT:INSR25TAT) in addition to the nonspecific binding
between the Hg2* ion and the DNA phosphate backbones of the
duplex DNA. In contrast, the heat pulse observed in Fig. 3c may
correspond to only the nonspecific binding between the HgZ* ion
and the DNA phosphate backbones of the duplex DNA. Thus, the net
heat derived from the specific binding between the Hg2* ion and
the continuous or interrupted double T:T mismatched base pairs of
the duplex DNA (INSF25TTT:INSR25TTA or INSF25TTT:INSR25TAT)
should be estimated by subtracting the heat observed for the per-
fectly matched duplex DNA (INSF25TTT:INSR25AAA) (Fig. 3c) from
that observed for the continuous or interrupted double T:T mis-
matched base pair duplex DNA [INSF25TTT:INSR25TTA (Fig. 3a)
or INSF25TTT:INSR25TAT (Fig. 3b)]. Based on these considerations,
to analyse the thermodynamic parameters of the specific binding
between the Hg2* ion and the continuous double T:T mismatched
base pairs of INSF25TTT:INSR25TTA, the ITC profile observed for
INSF25TTT:INSR25AAA in Fig. 3c was subtracted from that observed
for INSF25TTT:INSR25TTA in Fig. 3a to obtain that in Fig. 3e, and
to obtain the thermodynamic parameters of the specific binding
between the Hg2* ion and the interrupted double T:T mismatched
base pairs of INSF25TTT:INSR25TAT, the ITC profile observed for
INSF25TTT:INSR25AAA in Fig. 3c was subtracted from that observed

for INSF25TTT:INSR25TAT in Fig. 3b to obtain that in Fig. 3f. The area
under each peak in Fig. 3e was integrated, and the integrated values
were divided by the moles of the injected solution. The result-
ing values were plotted as a function of the molar ratio of [Hg2*
ion]/[duplex DNA] (Fig. 3g). The resultant titration plot was fitted
toamodel of two binding sites by a nonlinear least-squares method.
The model of two binding sites is based on the following two steps,

INSF25TTT : INSR25TTA or INSF25TTT : INSR25TAT + Hg?*+
= INSF25TTT:INSR25TTA:Hg?* or INSF25TTT : INSR25TAT : Hg?*
(1)

INSF25TTT : INSR25TTA : Hg?* or INSF25TTT : INSR25TAT : Hg?*
+Hg?t = INSF25TTT : INSR25TTA : 2Hg>*
or INSF25TTT : INSR25TAT : 2Hg?*+ (2)

The stoichiometry, n;, the binding constant, K,;, and the
enthalpy change, AHjy, for the first binding in step (1), and the sto-
ichiometry, n,, the binding constant, K,», and the enthalpy change,
AH,, for the second binding in step (2) were obtained from the fit-
ted curve. The Gibbs free energy changes for the first and second
binding, AG; and AG,, and the entropy changes for the first and
second binding, AS; and AS,, were calculated from the equation,
AG] =—RTIn Ky = AHl - TAS] and AGZ =—RTIn Ky = AHz - TASz,
where R is gas constant and T is the temperature. The titration plot
(Fig.3h) and the thermodynamic parameters of the specific binding
between the HgZ* ion and the interrupted double T:T mismatched
base pairs of INSF25TTT:INSR25TAT were also obtained from Fig. 3f
in the same way.

Table 1 shows the thermodynamic parameters for the specific
binding of the HgZ* ion with the continuous double T:T mismatched
base pairs, obtained from Fig. 3g, and those with the interrupted
double T:T mismatched base pairs, obtained from Fig. 3h, which
are based on a model of two binding sites. For both cases of Fig. 3g
and h, the values of n; and n, were nearly 1, indicating that the
stoichiometric binding was achieved in each step of the first and
second binding regardless of whether the double T:T mismatched
base pairs were continuous or interrupted (Table 1). Also, for both
cases of Fig. 3g and h, the magnitudes of the observed K;; and AG,
for the second binding between the second Hg?* ion and the sec-
ond T:T mismatched base pair were significantly larger than those
of the observed K;; and AGy for the first binding between the first
HgZ* ion and the first T:T mismatched base pair (Table 1). The posi-
tive cooperativity of the specific binding between the HgZ* ion and
the double T:T mismatched base pairs were observed for both of
the continuous and interrupted double T:T mismatched base pairs
(Table 1).
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Fig. 3. Thermodynamic analyses of the interaction between the Hg?* ion and each of the continuous or interrupted double T:T mismatched base pair duplexes
(INSF25TTT:INSR25TTA or INSF25TTT:INSR25TAT) and the corresponding perfectly matched duplex (INSF25TTT:INSR25AAA). (a-c) Typical ITC profile of the interaction
between Hg(ClO4), and each of INSF25TTT:INSR25TTA (a), INSF25TTT:INSR25TAT (b) and INSF25TTT:INSR25AAA (c) at 25°C and pH 6.8 in buffer A (see Section 2). Hg(ClO4 ),
solution (1 mM in buffer A) was injected 40 times in 5-pl increments into each of INSF25TTT:INSR25TTA (a), INSF25TTT:INSR25TAT (b) and INSF25TTT:INSR25AAA (c) solution
(40 wM in buffer A). Injections were administered over 12's at 5-min intervals. (d) Titration plots against the molar ratio of [Hg?* ion]/[duplex DNA], obtained from the ITC
profiles in (a)-(c). (e) ITC profile for the specific binding between the Hg?* ion and the double continuous T:T mismatched base pair, obtained by subtracting the ITC profile
observed for INSF25TTT:INSR25AAA in (c) from that observed for INSF25TTT:INSR25TTA in (a). () ITC profile for the specific binding between the Hg?* ion and the double
interrupted T:T mismatched base pair, obtained by subtracting the ITC profile observed for INSF25TTT:INSR25AAA in (¢) from that observed for INSF25TTT:INSR25TAT in (b).
(g) Titration plot against the molar ratio of [Hg?* ion]/[duplex DNA], obtained from the ITC profile in (e). (h) Titration plot against the molar ratio of [Hg?* ion]/[duplex DNA],
obtained from the ITC profile in (f). The data in (g) and (h) were fitted to a model of two binding sites by a nonlinear least-squares method.

3.3. CD spectroscopy of the mismatched base pair duplex DNAs
and the corresponding perfectly matched duplex DNA either with
or without the Hg?* ion

To examine the effect of the Hg2* ion binding on the higher-
order structure of duplex DNA, CD spectra of the perfectly
matched duplex DNA (INSF25TTT:INSR25AAA) (Fig. 1b), the sin-
gle T:T mismatched base pair duplex DNA (INSF25TTT:INSR25TAA)
(Fig. 1b), and the double T:T mismatched base pair duplex DNAs

(INSF25TTT:INSR25TTA and INSF25TTT:INSR25TAT) (Fig. 1b) were
measured in buffer A either with or without Hg(ClOg4), at 25°C
and pH 6.8 (Fig. 4). The CD spectrum of INSF25TTT:INSR25AAA
without Hg(ClO4), (Fig. 4a) may be quite different from
those of INSF25TTT:INSR25TAA (Fig. 4b), INSF25TTT:INSR25TTA
(Fig. 4c) and INSF25TTT:INSR25TAT (Fig. 4d) probably due to the
absence of the T:T mismatched base pairs. The CD profile of
INSF25TTT:INSR25AAA with Hg(ClO4); was quite similar to that
observed without Hg(ClO4), (Fig. 4a). This result indicates that the
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Fig. 4. CD spectra of the perfectly matched duplex, INSF25TTT:INSR25AAA (a), the single T:T mismatched base pair duplex, INSF25TTT:INSR25TAA (b), and the double T:T
mismatched base pair duplexes, INSF25TTT:INSR25TTA (c) and INSF25TTT:INSR25TAT (d), with or without Hg(ClO4),. Duplexes (1 wM) at 25°C and pH 6.8 in buffer A (see
Section 2) with or without Hg(ClO4), were measured at a wavelength of 205-320 nm. The cell path length was 1 cm.

nonspecific binding of the Hg2* ion with the phosphate backbones
of the duplex DNA may not significantly change the higher-order
structure of the duplex DNA. In contrast, the ellipticity of the
CD profile of INSF25TTT:INSR25TAA in the 260-300 nm region
was significantly decreased at the molar ratio of [Hg?*]/[DNA] =1
in comparison with that at the molar ratio of [Hg2*]/[DNA]=0
(Fig. 4b). This result indicates that the specific binding of the
single HgZ* ion with the single T:T mismatched base pair may
significantly change the higher-order structure of the duplex
DNA, unlike the nonspecific binding of the Hg?* ion with the
phosphate backbones of the duplex DNA. The spectral difference
between [Hg2*]/[DNA]=1 and [Hg2*]/[DNA]=2 was significantly
smaller in magnitude than that between [Hg2*]/[DNA]=0 and
[HgZ*]/[DNA] =1 (Fig. 4b). The excess mol of Hg2* may not signif-
icantly change the higher-order structure of the duplex DNA. As
the molar ratio of [Hg2* ion]/[duplex DNA] was increased up to the
value of 2, the ellipticity of the CD profile of INSF25TTT:INSR25TTA
and INSF25TTT:INSR25TAT in the 260-300 nm region was signif-
icantly decreased (Fig. 4c and d). The change in the higher-order
structure of the duplex DNA was also observed for the specific bind-
ing between the double Hg2* ion and the double T:T mismatched
base pairs. The spectral difference between [Hg2*]/[DNA]=2 and
[Hg2*]/[DNA] =3 was significantly smaller in magnitude than that
between [HgZ*]/[DNA]=0 and [Hg%*]/[DNA]=1 or that between
[HgZ*]/[DNA]=1 and [Hg2*]/[DNA]=2 (Fig. 4c and d). The excess
mol of Hg2* may not significantly change the higher-order structure
of the duplex DNA. These results clearly indicate that the higher-
order structure of the T:T mismatched base pair duplex DNA was
significantly changed by the specific binding of the HgZ* ion with
the T:T mismatched base pair.

4. Discussion

The ITC profile for the injection of the Hg2* ion solution into the
perfectly matched duplex (INSF25TTT:INSR25AAA) solution was
examined in the presence of 100 mM NaClO4 (Fig. 2b). A large mag-
nitude of exothermic heat pulse was observed after each injection,
and the magnitude of each peak was not significantly different after

each injection. To confirm that the large magnitudes of the exother-
mic heat pulses may result from the nonspecific binding of the
Hg2* jon with the phosphate backbones of INSF25TTT:INSR25AAA,
we have measured the ITC profile for the injection of the Hg?*
ion solution into INSF25TTT:INSR25AAA solution in the presence
of higher salt concentration, 1M NaClO4 (Supplementary Fig. S1).
Similar to the case in the presence of 100 mM NaClOy, an exother-
mic heat pulse was observed after each injection and no significant
difference in the magnitude of each peak was observed. The magni-
tudes of the exothermic heat pulses in the presence of 1 M NaClO4
were significantly smaller than those observed in the presence of
100 mM NaClO, (Supplementary Fig. S1). Before injecting the Hg2*
ion solution, the phosphate backbones of INSF25TTT:INSR25AAA
may bind with the Na* ion. The binding affinity of the Na* ion
with the phosphate backbones of INSF25TTT:INSR25AAA in the
presence of 1M NaClO4 may be larger than that in the presence
of 100 mM NaClOg4. The bound Na* ion may be exchanged by the
injected Hg2* ion. The degree of the exchange by the HgZ* ion in the
presence of 1M NaClO4 may be smaller than that in the presence
of 100 mM NaClOy4 due to the larger binding affinity of the Na* ion.
Thus, the smaller magnitudes of the heat pulses upon the binding
of the Hg2* ion with the phosphate backbones were observed in the
presence of 1M NaClOy. This suggests that the large magnitudes
of the exothermic heat pulses in the presence of 100 mM NaClO4
observed in Fig. 2b may result from the nonspecific binding of the
Hg?* ion with the phosphate backbones.

ITC analyses of the interaction between the Hg?* ion and
each of the single T:T mismatched base pair duplex DNA
(INSF25TTT:INSR25TAA) and the corresponding perfectly matched
duplex DNA (INSF25TTT:INSR25AAA) revealed that the single Hg?*
ion specifically bound with the single T:T mismatched base pair
in the mismatched base pair duplex DNA (INSF25TTT:INSR25TAA)
at a molar ratio of 1:1 (Fig. 2 and Table 1). The Hg?* ion has
been known to bind selectively with base moieties rather than
with the phosphate and sugar groups in DNA [36-41]. In par-
ticular, the Hg2* ion has a strong affinity for the N3 position of
thymine bases [36-38]. A covalent and linear N3-Hg-N3 bond was
observed in the crystal structure of a 1:2 complex of Hg?* and 1-
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methylthymine [38]. According to the literature from the 1960s,
Yamane and Davidson reported that protons were released when
Hg?* ions bound with several natural DNAs [40]. Katz proposed
the possibility of the formation of a 1:2 complex of Hg2* ion and
thymine bases in a double-stranded polynucleotide, d(AT),-d(AT),
with the release of protons [41]. Also, a 1:2 complex of mercury and
thymine was used in nucleoside synthesis procedures, the so-called
“mercury” method, a traditional synthetic method for coupling gly-
cosyl halides and bases [42]. Thus, it is assumed that the Hg2* ion
may bind with the single T:T mismatched base pair in the duplex
DNA through a covalent N3-Hg-N3 bond. We previously analysed
the TH NMR spectra of the duplex DNA containing the single T:T
mismatched base pair in the absence and presence of the Hg2*
ion [19]. We found that the imino proton resonances of the sin-
gle T:T mismatched base pair disappeared in the presence of the
Hg?2* ion, suggesting that the imino protons of the single T:T mis-
matched base pair were substituted with the Hg2* ion [19]. We also
previously examined the >N NMR spectra of the complex of the
Hg2* ion and the duplex DNA containing the single T:T mismatched
base pair labeled with 1°N at the N3 position [43,44]. We found
15N-15N J-coupling across the HgZ* ion with the coupling constant
(?Jun) of 2.4 Hz [43,44]. This observation clearly demonstrated the
N3-Hg-N3 bond formation in the T-Hg-T complex. Taken together,
we conclude that the Hg?* ion specifically binds with the N3 posi-
tions of two thymine bases in place of the imino protons and bridges
two thymine bases to form the T-Hg-T complex (Fig. 1a) in the
duplex DNA (INSF25TTT:INSR25TAA).

The K, and AG for the specific binding between the Hg2*
ion and the single T:T mismatched base pair was 5.87 x 10° M~!
and —32.9k] mol~!, respectively (Table 1). The magnitudes of the
observed K; and AG were significantly larger than those previously
reported for the nonspecific interaction between metal ion and
DNA [25-31], supporting the specific binding between the Hg2* ion
and the single T:T mismatched base pair. The observed AG resulted
from both the observed negative AH and positive AS (Table 1). The
positive AS for the specific binding between the Hg2* ion and the
single T:T mismatched base pair measured by ITC (Table 1) includes
a major contribution of a dehydration entropy change from the
release of structured water molecules surrounding the Hg2* ion
and the duplex DNA, and a conformational entropy change from the
conformational change of the duplex DNA upon the binding with
the Hg?* ion [45]. The dehydration entropy change of the Hg?* ion
is largely positive (238 Jmol~1 K1) [46,47], and that of the duplex
DNA is also expected to be positive due to the release of structured
water molecules from the surface of the duplex DNA. Thus, the total
dehydration entropy change should be positive. On the other hand,
the CD spectra showed that the higher-order structure of the single
T:T mismatched base pair duplex DNA was significantly changed by
the specific binding of the Hg2* ion (Fig. 4b), suggesting a significant
contribution of a conformational entropy change to the observed
positive AS (Table 1). Because the magnitude of the positive dehy-
dration entropy change (more than 238]mol~!K-1) discussed
above may be significantly larger than that of the observed posi-
tive AS (23.7]Jmol~1K-1) (Table 1), another major component of
the observed AS, that is, the conformational entropy change should
be negative. Because the positive dehydration entropy change was
favorable and the negative conformational entropy change was
unfavorable for the specific binding between the Hg2* ion and the
single T:T mismatched base pair, the observed positive AS (Table 1)
might have been mainly driven by the positive dehydration entropy
change. On the other hand, the negative AH for the specific binding
between the Hg2* ion and the single T:T mismatched base pair mea-
sured by ITC (Table 1) reflects a major contribution from a positive
dehydration enthalpy change of the Hg2* ion (1840 k] mol~1) [48],
a positive deprotonation enthalpy change of the two thymine bases
(1450 k] mol~1) [49,50] upon the binding of the Hg2* ion with the

single T:T mismatched base pair, an accompanying positive proto-
nation enthalpy change of the cacodylate buffer (1.96 kj mol—1)[51]
taking up the two protons released from the two thymine bases, and
a negative binding enthalpy change from the N3-Hg-N3 bond for-
mation in the T-Hg-T complex. Because the sign of only the binding
enthalpy change upon the N3-Hg-N3 bond formation was negative
and the signs of the enthalpy changes from the other three contri-
butions were positive, the observed negative AH (Table 1) might
have been mainly driven by the negative binding enthalpy change
from the N3-Hg-N3 bond formation.

ITC analyses of the interaction between the Hg2* ion and each of
the continuous and interrupted double T:T mismatched base pair
duplex DNAs (INSF25TTT:INSR25TTA and INSF25TTT:INSR25TAT)
revealed that the molar ratios ny and n, for the first and second
binding were nearly 1 for both of the mismatched base pair duplex
DNAs (Table 1). The stoichiometric binding was achieved in each
step of the first and second binding regardless of whether the dou-
ble T:T mismatched base pairs were continuous or interrupted,
similar to the stoichiometric binding between the single Hg2* ion
and the single T:T mismatched base pair (Table 1). The magnitudes
of the observed K,; and AG, for the second binding between the
second Hg?* ion and the second T:T mismatched base pair were
significantly larger than those of the observed K,; and AG; for the
first binding between the first Hg2* ion and the first T:T mismatched
base pair (Table 1). The positive cooperativity of the specific bind-
ing between the HgZ* jon and the double T:T mismatched base pairs
were observed for both of the continuous and interrupted double
T:T mismatched base pair duplex DNAs (INSF25TTT:INSR25TTA and
INSF25TTT:INSR25TAT) (Table 1). The CD spectra showed that the
higher-order structure of the continuous and interrupted double
T:T mismatched base pair duplex DNAs was significantly distorted
by the specific binding of the Hg2* ion (Fig. 4c and d). When the
first Hg?* ion binds with the first T:T mismatched base pair, the
higher-order structure of the continuous and interrupted double
T:T mismatched base pair duplex DNAs may be changed into their
distorted higher-order structure, where the second Hg2* ion may
bind with the second T:T mismatched base pair more easily. The
change in the higher-order structure of the continuous and inter-
rupted double T:T mismatched base pair duplex DNAs induced by
the binding of the first Hg* ion with the first T:T mismatched
base pair may be one of the reason for the positive cooperativity
of the specific binding between the Hg?* ion and the double T:T
mismatched base pairs. However, the detailed mechanism for the
positively cooperative binding remains to be elucidated.

5. Conclusions

The present study has demonstrated that the binding affinity
between the Hg2* ion and the T:T mismatched base pair was sig-
nificantly larger than those for previously reported nonspecific
interactions between metal ions and DNA [25-31]. The specific
binding between the Hg2* ion and the T:T mismatched base pair
was mainly driven by the positive dehydration entropy change and
the negative binding enthalpy change. In the interactions between
the Hg?" ion and each of the continuous and interrupted double T:T
mismatched base pairs, the stoichiometric binding at a molar ratio
of 1:1 was achieved in each step of the first and second binding,
similar to that between the single Hg%* ion and the single T:T mis-
matched base pair. The binding affinity between the second Hg?*
ion and the second T:T mismatched base pair was significantly
larger than that between the first Hg* ion and the first T:T mis-
matched base pair. The stoichiometric and positively cooperative
binding between the double Hg2* ions and the double T:T mis-
matched base pairs may be favorable to align multiple Hg2* ions
in duplex DNA for the application of the metal-mediated base pairs
in nanotechnology. The T-Hg-T base pair formation involving the
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natural bases with the large binding affinity shown in the present
study may be more convenient than the formation of other previ-
ously reported metal-mediated base pairs involving the artificial
bases [7-15] due to lack of time-consuming synthesis of the bases.
Taken together, we conclude that the T-Hg-T base pair could be a
key metal-mediated base pair and may eventually lead to progress
in potential applications of metal-mediated base pairs in nanotech-
nology.
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A thiolato-bridged Au',Cu', metalloring compound, [Au,-
Cuy(L)4] (L = (C¢H4NMe,)CH=N(CcH4)S™), together with an
analogous Cu'y compound, [Cuy(L),], was newly prepared from
2-(4-dimethylaminophenyl)benzothiazoline. The Au’,Cu', com-
pound was found to show structural and spectroscopic features
comparable well with those of [Ags(L)4], rather than those of
[Auy(L)4] and [Cuy(L)s]-

There has been considerable research interest in multi-
nuclear coordination compounds of group 11 elements in recent
years.! In particular, heterometallic compounds containing two
or three kinds of group 11 metal ions are of much interest due to
their fascinating structural features and unique chemical and
physicochemical properties.? In general, this class of compounds
can be synthesized by one-pot reactions of selected organic
ligands with a mixture of group 11 metal ions or by stepwise
reactions via homometallic precursors with a different group 11
metal ion. However, the former reactions commonly require
troublesome separation processes because of the formation of a
mixture of several homometallic and heterometallic species,
while the latter reactions require well-designed, controlled
reaction pathways. Thus, the finding of a coordination system
that exclusively affords a single heterometallic species from a
mixture of different kinds of group 11 metal ions remains a great
challenge.

In our successive study on the reactivity of 2-substituted
benzothiazolines toward transition-metal ions,*> we have recently
synthesized thiolato-bridged tetranuclear complexes, [Aug(L)4]
and [Agy(L)4] (L = (CcH4sNMe,)CH=N(C¢H4)S™), by the sim-
ple reactions of 2-(4-dimethylaminophenyl)benzothiazoline with
gold(I) or silver(I) in chloroform in a 1:1 ratio.* In addition, we
have found that an analogous tetranuclear complex containing
both Au' and Ag' ions, [AuyAgy(L)4], is selectively produced by
a similar reaction with a 1:1 mixture of gold(I) and silver(I).*
This result prompted us to investigate whether this synthetic
method is applicable to the preparation of a heterometallic
complex containing both of Au' and Cu'. In this paper, we report
that the use of a 1:1 mixture of gold(I) and copper(I), instead of a
mixture of gold(I) and silver(I), indeed results in the production
of an expected heterometallic complex, [Au,Cuy(L)4]. The
preparation of an analogous Cu'y complex, [Cug(L)4], from 2-(4-
dimethylaminophenyl)benzothiazoline is also reported. Notably,
[Au,Cuy(L)4] was found to exhibit structural and spectroscopic
features that are comparable well with those of [Ag4(L)4], rather
than those of [Aug(L)4] and [Cug(L)4] (Scheme 1). As far as
we know, this is the first report that points out the possible
creation of characteristics of a silver(I) compound by the
introduction of a mixture of Au' and Cu' ions, in place of Ag'
ions.
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Scheme 1. The Au'y, Agly, Cu'y, and Au',Cu', metalloring
structures with iminothiolates.

Treatment of a chloroform solution of 2-(4-dimethylamino-
phenyl)benzothiazoline, a chloroform solution of chloro(tetra-
hydrothiophene)gold(I), and an acetonitrile solution of tetraace-
tonitrilecopper(I) perchlorate in a 2:1:1 ratio in the presence of
NEt; gave a dark orange solution, from which orange crystals
(1-2CHCI;) suitable for X-ray crystallography were isolated by
slow evaporation at room temperature.’ X-ray fluorescence
analysis of this compound revealed the presence of Au and
Cu, and its elemental analysis was consistent with a formula
containing  iminothiolate ligands (L = (C¢H4NMe,)CH=
N(C¢H4)S™) and Au' and Cu' atoms in a 2:1:1 ratio.® Single-
crystal X-ray analysis revealed that 1 contains two Au' and two
Cu' atoms in combination with four L ligands, with the lack of
any counter ions.” As shown in Figure 1, the Au' and Cu' atoms
are alternately linked by four S atoms from four L ligands,
forming a thiolato-bridged Au',Cu', metalloring structure with a
C; symmetry. Each L ligand adopts a u,-k'S:?N,S coordination
mode, in which its imine group coordinates to a Cu' atom (av
Cu-N = 2.16(5) A) and its thiolato group bridges Au' and Cu'
atoms (av Au-S = 2.295(18) A, Cu-S = 2.31(3) A). As a result,
two Cu' atoms are situated in an N,S, tetrahedral geometry (N—
Cu-N = 117.88(14)°, S—Cu-S = 111.10(5)°), while two Au'
atoms are in an S, linear geometry (S—Au-S = 176.44(4)°).
The preference of linear and tetrahedral geometries for Au' and
Cu!, as well as the high affinity of an imine group to a Cu' center
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Figure 1. Perspective views of (a) 1 and (b) its core structure;
Au': purple, Cu": brown, N: blue, S: yellow, C: gray. H atoms are
omitted for clarity.

rather than to an Au' center, accounts for the formation of this
metalloring structure. Despite the C; symmetric structure in
crystal 1, the 'THNMR spectrum of 1 in CDCl; gave only a
single set of signals for four L ligands (Figure Sla),? suggestive
of the flexible nature of its Au’,Cu',S4 metalloring framework
with an averaged C,;, symmetry in solution.

It is possible that three heterometallic species, [AuzCu;(L)4],
[AuyCuy(L)4], and [Au;Cusz(L)4], besides two homometallic
species, [Aug(L)4] and [Cuy(L)4], are formed from L ligands in
combination with a 1:1 mixture of Au' and Cu' ions. In addition,
two isomeric forms that are discriminated by the arrangement
of Au' and Cu' ions, AuAuCuCu-type and AuCuAuCu-type,
are possible for [Au,Cuy(L)4]. However, the present reaction
exclusively produced [Au,Cuy(L)4] with an AuCuAuCu-type
arrangement in a moderate yield of ca. 50%. Since the 'HNMR
spectrum of a reaction mixture of 2-(4-dimethylaminophenyl)-
benzothiazoline, triethylamine, chloro(tetrahydrothiophene)-
gold(I), and tetraacetonitrilecopper(I) perchlorate in a 2:2:1:1
ratio in CDCl3/CD;CN is indicative of the formation of a
complex mixture with no obvious preference for a single species
(Figure S1b),’ the selective isolation of 1 is attributed to its less
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solubility in solution. This is different from the corresponding
reaction with a mixture of gold(I) and silver(I), in which a single
species of [AupAgy(L)4] with an AuAgAuAg-type arrangement
is selectively formed in solution.*® The affinity of an imine
group to a Cu' center, which is much higher than to an Ag'
center, seems to prevent the conversion of some kinetic products
to the thermodynamically stable product of 1 in solution.

To obtain a homometallic Cu'y metalloring compound, a
chloroform solution of 2-(4-dimethylaminophenyl)benzothiazo-
line was treated with an acetonitrile solution of tetraaceto-
nitrilecopper(I) perchlorate in a 1:1 ratio. However, this reaction
did not give [Cuy(L)4] but produced a brown compound of
[Cug(L)g](ClOy4) that has been obtained by the 2:1 reaction of
2-(4-dimethylaminophenyl)benzothiazoline with copper(Il) ace-
tate in 1,2-dichloroethane.® After several trials, an orange
compound 2, which is assignable to have a neutral formula of
[Cul(L)], based on the elemental analysis and IR spectrum that is
essentially the same as that of 1 (Figure S2),°> was obtained by
the reaction of 2-(4-dimethylaminophenyl)benzothiazoline with
copper(Il) acetate in a 2:1 ratio in toluene.>” Although the
characterization of 2 by means of the NMR spectroscopy was
precluded owing to its poor solubility in common solvents
and its instability in solution,'® an expected Cu'y; metalloring
structure was established by single-crystal X-ray analysis.!' In 2,
four Cu atoms are bridged by four S atoms from four L ligands
to form a tetranuclear metalloring structure with an Sy symmetry
(Figure 2). Each Cu atom in 2 is in a +1 oxidation state, as
evidenced by the lack of any counter cations. Thus, it is seen that
2-(4-dimethylaminophenyl)benzothiazoline acts not only as a
ligand precursor but also as a reducing agent for copper(IT).>
The successful isolation of 2 by the use of toluene as a reaction
medium, instead of 1,2-dichloroethane, is most likely due to the
insolubility of 2 in this solvent, which leads to the precipitation
of 2 prior to its conversion into [Cug(L)g]* in solution. Each L
ligand in 2 also adopts a py-k'S:k?N,S coordination mode (av
Cu-S = 2.211(4) A, av Cu-N = 2.140(9) A), like in 1. However,
in 2, four imine groups from four L ligands bind to four different
Cu' atoms, and each Cu' atom is situated in an NS, trigonal-
planar geometry (S—-Cu-S = 146.59(8)°, N-Cu-S = 117.9(3)
and 87.8(3)°). Thus, the four bridging S atoms in 2 are situated
in a square arrangement, which is distinct from an arrangement
of parallelogram found in 1.

Previously, we have shown that the homometallic Au'; and
Ag'y compounds, [Auy(L)s] and [Ags(L)4], also have a metal-
loring structure, in which four metal atoms are bridged by four S
atoms from four L ligands, as in the case of [Cuy(L)s] (2).4
However, in [Aug(L)], all four Au' atoms adopt a two-
coordination geometry, whereas two of four Ag' atoms adopt a
two-coordination geometry and the other Ag' atoms have a four-
coordination geometry in [Ag4(L)s] (Figure S3).3 The 2,2,2,2-
coordination in [Auy4(L)4] and the 2,4,2,4-coordination in
[Ag4(L)4] are both different from the 3,3,3,3-coordination found
in 2, in which four Cu' atoms are unified to have a three-
coordination geometry. It should be noted that the 2,4,2,4-
coordination pattern in [Ags(L)s] is the same as that in
[Au,Cuy(L)4] (1). In addition, the four bridging S atoms in
[Ag4(L)4] are in an arrangement of parallelogram like in 1,
whereas those in [Auy(L)4] are in a square arrangement like in 2.
Thus, the overall metalloring structure in [Agg(L)4] is well
comparable with that in [Au,Cuy(L)4] (1), rather than those in

www.csj.jp/journals/chem-lett/

—139—



836

Figure 2. Perspective views of (a) 2 and (b) its core structure;
Cu': brown, N: blue, S: yellow, C: gray. H atoms are omitted for
clarity.

[Auyg(L)4] and [Cuy(L)4] (2). Besides the structural feature, the
similarity between [Ags(L)4] and [Au,Cu,(L)4] (1) was noticed
in the solid-state electronic spectra. That is, the diffuse reflection
spectrum of 1 is dominated by an intense band at 392 nm,'? the
peak position of which is very close to that for [Ags(L)4]
(390nm), rather than those for [Aug(L);] (380nm) and 2
(402 nm) (Figure S4).°

In summary, we showed that a single species of [Au,-
Cuy(L)4], in which Au' and Cu' atoms are alternately bridged by
S atoms in a cyclic form, is selectively isolated from the reaction
of 2-(4-dimethylaminophenyl)benzothiazoline with a mixture of
gold(I) and copper(I). An analogous homometallic Cu'y metal-
loring compound, [Cuy(L)4], was also obtained by the reaction
with copper(Il) when toluene was used as a reaction solvent.
What is the most remarkable finding is that the structural feature
of [Au,Cuy(L)4], as well as its electronic spectral feature, is
similar to that of [Agy(L),], rather than those of [Auy(L)s] and
[Cuy(L)4]. This finding indicates for the first time that a
coordination compound bearing characteristics of a homometal-
lic silver(I) species is possibly created from gold(I) and
copper(l), providing a significant insight into the development

Chem. Lett. 2012, 41, 834-836

© 2012 The Chemical Society of Japan

of modern “alchemy” that meets the demand of alternatives for
rare metals or harmful elements.'

This work was supported in part by Grants-in-Aids for
Science Research No. 23350026 from the Ministry of Educa-
tion, Culture, Sports, Science and Technology of Japan and by
Izumi Science and Technology Foundation.

References and Notes

1 a) R. Mukherjee, in Transition Metal Groups 9-12 in Comprehen-
sive Coordination Chemistry II: From Biology to Nanotechnology,
ed. by J. A. McCleverty, T. J. Meyer, Elsevier, Oxford, 2004,
Vol. 6, Chap. 6.6, pp. 747-910. doi:10.1016/B0-08-043748-6/
05086-6. b) M. C. Gimeno, A. Laguna, in Transition Metal
Groups 9-12 in Comprehensive Coordination Chemistry II: From
Biology to Nanotechnology, ed. by J. A. McCleverty, T. J. Meyer,
Elsevier, Oxford, 2004, Vol. 6, Chap. 6.7, pp.911-1145.
doi:10.1016/B0-08-043748-6/05122-7. ¢) C.-M. Che, S.-W. Lai,
Coord. Chem. Rev. 2005, 249, 1296. d) E. R. T. Tiekink, J.-G.
Kang, Coord. Chem. Rev. 2009, 253, 1627.

2 a) A. Toyota, T. Yamaguchi, A. Igashira-Kamiyama, T. Kawamoto,
T. Konno, Angew. Chem., Int. Ed. 2005, 44, 1088. b) Z.-N. Chen,
N. Zhao, Y. Fan, J. Ni, Coord. Chem. Rev. 2009, 253, 1. c) S.
Sculfort, P. Braunstein, Chem. Soc. Rev. 2011, 40, 2741. d) Y.
Takemura, T. Nishida, B. Kure, T. Nakajima, M. lida, T. Tanase,
Chem.—Eur. J. 2011, 17, 10528. e) 1. O. Koshevoy, C.-L. Lin, A. J.
Karttunen, J. Janis, M. Haukka, S. P. Tunik, P.-T. Chou, T. A.
Pakkanen, Chem.—Eur. J. 2011, 17, 11456. f) A. C. Jahnke, K.
Propper, C. Bronner, J. Teichgrdber, S. Dechert, M. John, O. S.
Wenger, F. Meyer, J. Am. Chem. Soc. 2012, 134, 2938.

3 a) T. Kawamoto, K. Takeda, M. Nishiwaki, T. Aridomi, T. Konno,
Inorg. Chem. 2007, 46, 4239. b) T. Kawamoto, M. Nishiwaki, Y.
Tsunekawa, K. Nozaki, T. Konno, /norg. Chem. 2008, 47, 3095. c)
T. Kawamoto, M. Nishiwaki, M. Nishijima, K. Nozaki, A. Igashira-
Kamiyama, T. Konno, Chem.—FEur. J. 2008, 14, 9842. d) T.
Kawamoto, Y. Takino, K. Sakoda, T. Konno, Chem. Lett. 2010, 39,
1264.

4 Y. Takino, K. Tsuge, A. Igashira-Kamiyama, T. Kawamoto, T.
Konno, Chem.—Asian J. 2011, 6, 2931.

5 Supporting Information is available electronically on the CSJ-
Journal Web site, http://www.csj.jp/journals/chem-lett/index.html.

6  Anal. Calcd for 1-2CHCl;: C, 41.81; H, 3.51; N, 6.29%. Found: C,
41.75; H, 3.51; N, 6.41%. ~

7 Crystal data for 1.2CHCI;, Triclinic, Pl, a = 8.684(3)A, b=
13.144(4) A, ¢ = 14.618(5) A, o = 82.937(13)°, B = 84.632(13)°,
y=74.993(13)°, V= 1596.09) A%, Z= 1, T=200Q2)K, Deieq =
1.853gem™, 13853 reflections measured, 7218 independent
(Rint = 0.0689), R1 =0.040 (I > 20(J)), wR2 =0.101 (all data).
CCDC = 886212.

8 A similar reaction of 2-(4-dimethylaminophenyl)benzothiazoline
with a mixture of silver(I) perchlorate and tetraacetonitrilecopper(I)
perchlorate also gave a complex mixture, which is much more
complicated than that formed from chloro(tetrahydrothiophene)-
gold(I) and tetraacetonitrilecopper(I) perchlorate.

9  Anal. Calcd for 2: C, 56.49; H, 4.74; N, 8.78%. Found: C, 56.71;
H, 4.87; N, 8.71%.

10 Compound 2 was soluble in CH,Cl, only slightly, and its solution
color changed from orange to dark brown within several hours. The
spectrum of the brown solution was identical with that of [Cug(L)s]*.

11 Crystal data for 2.C;Hg, Trigonal, /4,/a, a = 18.98(3)& b=
18.983)A, ¢=21.083)A, V=7580Q0)A3, Z=4, T=
2002)K, Deaica = 1.255gem™3, 9923 reflections measured, 3003
independent (R, = 0.109), R1 = 0.085 ({ > 20(/)), wR2 = 0.299
(all data). CCDC = 886213.

12 The intense band is assignable as arising from 77— transition
within the conjugated 4-NMe,—Ph—C(H)=N moiety.>

13 a) K. Hayashi, S. Matsuishi, T. Kamiya, M. Hirano, H. Hosono,
Nature 2002, 419, 462. b) K. Kusada, M. Yamauchi, H. Kobayashi,
H. Kitagawa, Y. Kubota, J. Am. Chem. Soc. 2010, 132, 15896.

www.csj.jp/journals/chem-lett/

—140—



Inorganic Chemistry Communications 25 (2012) 14-17

Contents lists available at SciVerse ScienceDirect

Inorganic Chemistry Communications

journal homepage: www.elsevier.com/locate/inoche

Synthesis, crystal structures and properties of novel heterobimetallic Cd-Pt and
Zn-Pt coordination polymers using nicotinic acid

Yuhei Miyazaki, Yusuke Kataoka, Wasuke Mori, Tatsuya Kawamoto *

Department of Chemistry, Faculty of Science, Kanagawa University, Hiratsuka, Kanagawa 259-1293, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 1 July 2012

Accepted 14 August 2012
Available online 21 August 2012

Keywords:

Zn and Cd coordination polymers
Pt complex ligand

Crystal structure

Gas adsorption property

Two novel heterobimetallic coordination polymers, [Cd{Pt(nic)4}], 5nH,0 (Cd-Pt-1) and [Zn{Pt(nic)4}(H20)4]x
nH,0 (Zn-Pt-1) (nicH = nicotinic acid), were synthesized by a one-pot slow-evaporation reaction system in
water. Single crystal X-ray analysis revealed that Cd-Pt-1 and Zn-Pt-1 are two-dimensional sheet frameworks
with open pores and one-dimensional chain polymers, respectively. However, crystal structure of Cd-Pt-1 is
not robust in air. Therefore, BET surface area (pore volume) of Cd-Pt-1 calculated by N; gas adsorption measure-
ment is very low and the value is 22.5 m? g~ ! (0.00813 cm® g~ ).

© 2012 Elsevier B.V. All rights reserved.

In recent years, porous coordination polymers (PCPs) or metal-
organic frameworks (MOFs) with well-defined pores have attracted
attention because of potential applications in gas storage [1-3],
heterogeneous catalysis [4-6], magnetism [7,8] and so on. Coordination
polymers can be easily prepared through self-assembly of organic
ligands as linkers and metal ions as connecting nodes, and this makes
it possible to construct the coordination polymers with desired proper-
ties. Since Mori and co-workers in our group reported that
paddle-wheel copper coordination polymer, [Cu,(p-BDC);], (p-BDC =
1,4-benzendicarboxylate), can encapsulate several gases in 1997,
many works concerning the applications of coordination polymers
have been carried out until now [9-12].

In this research area, the immobilization of open metal sites as
activity sites for specific and selective substances in coordination
polymers is also very important for their applications. One general
approach for immobilization of metal sites is to use complex ligands
instead of organic ligands in the construction of traditional coordina-
tion polymers. Then, several heterobimetallic coordination polymers
with permanent porosity have been realized for functional properties
such as gas adsorption, sensing materials, heterogeneous catalyst and
so on [13-18]. Specially, from a view point of the catalytic applications
of coordination polymers, the use of Pt(II) or Pd(Il) complex ligand
will be one of the effective approaches because Pt(Il) and Pd(II)
complexes have been widely employed as homogeneous catalysts in
catalytic reactions such as hydrogenation reaction, water photo-
reduction reaction and hydrocarbon C—H bond activation. Generally,
compared with homogeneous catalysis, heterogeneous coordination
polymers introduced homogeneous complex catalyst units as complex

* Corresponding author. Tel.: +81 463 59 4111; fax: +81 463 58 9684.
E-mail address: kaw@kanagawa-u.ac.jp (T. Kawamoto).

1387-7003/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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ligands resulted in the high stability and the easy separation of them
from solvents because coordination polymers are insoluble in com-
mon organic solvents such as alcohols. In recent studies, our group
also succeeded to synthesize and characterize some heterobimetallic
coordination polymers constituted of Pd(II) and Pt(Il) complex
ligands using isonicotinic acid (inaH). Specifically, [Zn{Pd(ina)4}],
constructed from mononuclear Zn metal nodes and [Pd(ina)4] com-
plex ligands acted as not only useful heterogeneous water photo-
reduction catalyst [19] but also selective H, gas adsorption materials
versus N, gas [20]. There are some reports about heterobimetallic
Pt(II) and Pd(Il) coordination polymers [21-24], but they are still at
development stages compared with the other coordination polymers.
Therefore, we also have attempted to prepare novel Pt(II) and Pd(II)
coordination polymers using other complex ligands.

In this paper, we report synthesis, crystal structures and properties of
two novel heterobimetallic coordination polymers, [Cd{Pt(nic)4}], 5nH,0
(Cd-Pt-1) and [Zn{Pt(nic)4}(H,0)4], nH,0 (Zn-Pt-1), constructed from
mononuclear Cd or Zn unit as a bridging node and [Pt(nic)4] as a complex
ligand (Fig. 1). Although some Pt(II) heterobimetallic coordination poly-
mers have been reported so far, there is no report about heterobimetallic
coordination polymers with [Pt(nicH),(nic),] complex ligand.

At first, [Pt(nicH),(nic),] complex was synthesized by a
solvothermal method in water solution (5.0 ml) containing of K,
[PtCl4] (0.10 mmol) and nicH (0.40 mmol) [25]. Single crystal X-ray
analysis revealed that [Pt(nicH),(nic),]| was crystallized in triclinic
space group P-1 and the asymmetric unit consists of one-half of
[Pt(nicH);(nic),]. The charge balance of [Pt(nicH),(nic),] is maintained
by two trans-position carboxylate ions. In packing view, [Pt(nicH),(nic),]
is self-assembled by strong hydrogen bonds between carboxylate and
carboxylic acid of [Pt(nicH),(nic),] (Fig. S1). Therefore, [Pt(nicH),(nic),]
complex is largely insoluble in common solvents such as water, alcohol
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Fig 1. Structure of [Pt(nicH),(nic),] complex ligand.

and DMF. Therefore, we tried synthesis of heterobimetallic coordination
polymers using [Pt(nicH),(nic),] complex ligand by one pot methods in
water solution.

Cd-Pt-1 and Zn-Pt-1 were synthesized by one-pot slow-
evaporation reactions as follows: A mixture of K;[PtCl4] (0.05 mmol),
nicH (0.20 mmol) and Cd(NOs), or Zn(NOs), (0.10 mmol) was
dissolved in distilled water (6.0 ml) at room temperature. The solution
was transformed into a 20 ml sample vial and allowed to stand for
1 week. The obtained colorless block crystals were filtered, washed
with distilled water and dried at room temperature. CHN elemental
analysis for [Cd{Pt(nic)4}], 6nH,0 (Cd-Pt-1): Calcd. C, 31.89; H, 3.12;
N, 6.20%. Found C, 31.98; H, 3.05; N, 6.17%. Solvent content calcd (%)
from the proposed formula: H,O 12.00; found (%) determined by
TGA: 1231 and [Zn{Pt(nic)s}(H20)4], nH,O (Zn-Pt-1): Calcd. C,
34.36; H, 3.12; N, 6.68%. Found C, 34.02; H, 3.37; N, 6.46%. Solvent

content calcd (%) from the proposed formula: H,O 10.74; found (%)
determined by TGA: 8.81.

Single crystal X-ray analysis revealed that Cd-Pt-1 is crystallized in
tetragonal space group P4/ncc and features two dimensional porous
frameworks [26]. The asymmetric unit consists of one Cd node and a
quarter [Pt(nic)4] complex ligand. The coordination environment of
Cd and Pt atoms is shown in Fig. 2a. The Cd atoms are coordinated
by eight O atoms (Cd— 0 =2.378 and 2.454 A) derived from carboxylate
ions of [Pt(nic)4] units (C-0=1.263 and 1.262 A). The charge of
[Cd(CO0)4]%~ units was balanced by [Pt(nic)4]?> ™ complex ligand and
therefore overall framework is neutral. As shown in Fig. 2b, the packing
view along the c axis revealed that the structure of Cd-Pt-1 is as
wave-like two dimensional sheets and then these sheets are packed
along the c axis with ABAB fashion (Fig. 2c¢). In addition, the
two-dimensional frameworks have open pores with approximately
4.0x4.0 A? along an a-b plane, taking into account the van der Waals
radii of surface atom (Fig. 2d). The neighboring Pt-Pt distance is 9.655 A.

Another type coordination polymer Zn-Pt-1 is crystallized in tri-
clinic P-1 and has one-dimensional zig-zag chain structure [27]. The
asymmetric unit consists of one Zn metal node and one-half of
[Pt(nic)4] complex ligand. As shown in Fig. 3a, Zn atom is octahedrally
coordinated by six O atoms; two O atoms from carboxylate ions of
[Pt(nic)4] complex ligand (C-0=1.239 and 1.277 A, Zn-0=2.048 A)
and four O atoms of H,0 molecules (Zn— 0=2.072 and 2.048 A). There-
fore, the charge of Pt(II) is balanced by non-coordinated carboxylate ions
of [Pt(nic)4] and that of Zn(II) by coordinated carboxylate ions. From the
packing view in Fig. 3b, Zn-Pt-1 forms a one-dimensional chain polymer
structure and there are no cavities. The chain polymers are stacked along
the b axis with the distance of 9.032 A.

In these single crystal X-ray analyses, the accurate number of
guest solvent H,O molecules could not be determined because of
disorder of H,O molecules. Therefore, we determined the number of

Fig. 2. Crystal structure of Cd-Pt-1. a) Crystal structure around Cd(II) and Pt(II) metal centers. b-c) Packing view along the c axis. d) Space filling model of two dimensional network
structure along the a-b plane. Hydrogen atoms and guest H,O molecules are omitted for clarity. Cd atoms are shown in green, Pt in purple, C in gray, N in blue and O in red.
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Fig. 3. Crystal structure of Zn-Pt-1. a) Crystal structure around Zn(II) and Pt(II) metal
centers. b) Packing view along the c axis. Hydrogen atoms and guest H,O molecules are
omitted for clarity. Zn atoms are shown in green, Pt in purple, C in gray, N in blue and O
in red.

solvent molecules based on elemental analysis and TGA. TGA-curves
of Cd-Pt-1 and Zn-Pt-1 revealed the weight loss around 373 K due
to the removal of solvent H,O molecules and the decomposition
of these frameworks around 573 K. From the weight of the lost
H,0 molecules and elemental analysis, Cd-Pt-1 includes five H,0O
molecules for [Cd{Pt(nic),}] formula. Zn-Pt-1 also includes five
H,0 molecules for [Zn{Pt(nic),}] formula unit (four H,O molecules
coordinate to Zn atom and one H,O molecule is non-coordinated
guest molecule).

To confirm the permanent porosity of Cd-Pt-1, we performed N,
and H, gas adsorption measurements at 77 K and 760 mm Hg [28].
As shown in Fig. 4, N, gas adsorption isotherm of Cd-Pt-1 is type III
in [UPAC classification being associated with non porous solids. The
calculated BET surface area and pore volume are too low in comparison
with traditional coordination polymers (these values are 22.5 m?/g and
0.00813 cm?/g respectively). Moreover, H, gas adsorption performance
of Cd-Pt-1 was not completely observed. We assumed that N, or H; gas
(the kinetic diameters are 3.64 and 2.84 A respectively) can be
adsorbed into pores of Cd-Pt-1 observed by a single crystal X-ray anal-
ysis, but the gas adsorption measurements revealed that Cd-Pt-1 has
no such ability. In the course of measurement, we also confirmed that
crystals of Cd-Pt-1 are air-sensitive and crystallinity is gradually lost
by moving these crystals out of reaction solution and standing while
crystals of Cd-Pt-1 are very stable in reaction solution for a half year.
XRPD measurement of samples after gas adsorption measurement
also revealed that observed peaks are different from simulation peaks
calculated from crystal structure (Fig. S2). Therefore, open pores of
Cd-Pt-1 may be closed due to the loss of crystalline structure by remov-
al of guest H,0 molecules. Additionally, Zn-Pt-1 shows also too low

Fig. 4. N, gas adsorption isotherm of Cd-Pt-1 at 77.4 K and 760 mm Hg.

surface area (BET surface area is 2.91 m?/g) owing to non-pore
structure.

In summary, we synthesized and characterized two heterobimetallic
coordination polymers from mononuclear Cd or Zn metal node and Pt
complex ligand. From a single crystal X-ray analysis, the structure of
Cd-Pt coordination polymer is ABAB packing two-dimensional sheet
frameworks and Zn-Pt coordination polymer has one-dimensional
zig-zag chain structure. In N, gas adsorption measurements, two coor-
dination polymers showed too low BET surface area by the loss of crys-
tal structure in Cd-Pt coordination polymer and non-porous structure
in Zn-Pt coordination polymer. In this work, we succeed to prepare
two kinds of coordination polymers with different topological networks
by selection of metal nodes. Now, we are attempting to prepare several
Pt(Il) heterobimetallic coordination polymers using other metal nodes
such as Cu(lI), Co(II) and Ni(II).

Appendix A. Supplementary material

CCDC 886315, 886316 and 886317 contain the supplemental crys-
tallographic data for Cd-Pt-1 and Zn-Pt-1. These data can be obtained
free of charge from http://www.ccdc.cam.ac.uk/conts/retrieving.html,
or from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.
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The reaction of (1R)-(—)-myrtenal-derived benzothiazoline with
nickel(n) acetate in ethanol exclusively gave a Schiff base-type
nickel(n) complex having M helical configurational myrtenyl arms,
which is reversibly converted to a non-innocent-type complex
having additional S,S configurational asymmetric carbon centres.

Transfer of chirality at the molecular level has been a subject of great
interest in recent years because it is closely associated with the
development of asymmetric catalysis and chiral recognition." The
formation of chiral supramolecular host systems and the chiral
information transfer from a host system to guest molecules by
solid-solid interaction has attracted much attention in the field of
host-guest chemistry.> In coordination chemistry, considerable inter-
est has been directed toward the chirality transfer from a tetrahedral
centre of an organic ligand to an octahedral metal centre, and steric
factors that govern the chiral selective formation of metal complexes
have been extensively investigated.®> The chirality transfer between
metal centres has also been observed in the formation of multinuclear
complexes with a helical chirality. Recently, the chiral-auxiliary-
mediated asymmetric synthesis based on an efficient chirality transfer
was reported in an octahedral ruthenium polypyridyl system.>®
Furthermore, the chirality inversion at a metal centre induced by
PH change was also reported in cysteine-bound ruthenabenzene
derivatives,”” and the reversible mutarotation between the solid state
and solution was found in a helicate-type macrocyclic ytterbium
complex.>® However, a report on chirality transfer that occurs in the
course of a structural conversion between two chiral compounds has
not appeared to date. Herein, we report a remarkable chirality transfer
phenomenon based on a reversible C-C bond formation/breaking
between two isomeric nickel(n) complexes having chiral myrtenyl
groups; one is a Schiff base-type complex with a helical chirality that
arises from the crossing of two myrtenyl arms and the other is a non-

“ Department of Chemistry, Kanagawa University, Hiratsuka, Kanagawa 259-1293,
Japan. E-mail: kaw@kanagawa-u.ac.jp
b Department of Chemistry, Graduate School of Science, Osaka University,

Toyonaka, Osaka 560-0043, Japan
1 Electronic supplementary information (ESI) available: Synthesis and character-
ization of 1, 2 and 3. CCDC 898508-898510. For ESI and crystallographic data in
CIF or other electronic format see DOI: 10.1039/c2cc36332a
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formation/breaking in nickel(i1) complexest
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innocent-type complex with two asymmetric carbon centres that are
created by the imino C-C bond formation (Scheme 1).”

The benzothiazoline employed in this work was prepared by the
reaction of 2-aminothiophenol and (1R){—)}myrtenal in ethanol. The
addition of nickel(u) acetate to an ethanol solution of this benzothiazo-
linein a2 : 1 (L : M) ratio gave brown powder (1). This product was
assigned to an expected Schiff base-type nickel(r) complex having two
pendent myrtenyl arms (Scheme 2)'° by means of its '"H NMR
spectrum and elemental analysis. The appearance of a half-set of
"H NMR signals for ligands in the complex is indicative of the presence
of a single C, symmetrical isomer with P or M helical configuration
(Fig. 1). The absorption spectrum of 1 in CHC; is characterized by a
broad visible band centered at ca. 500 nm (Fig. S1, ESIT). In this region,
positive-negative CD bands from the longer wavelength side are
observed in the CD spectrum, consistent with the optically active
nature of the complex. Unfortunately, single crystals of 1 suitable for
X-ray diffraction were unable to obtain from the reaction solution or
by the recrystallization of the initial product owing to its low solubility
in common solvents. Thus, the determination of the chiral configu-
ration of 1 (P or M) could not be made at this stage.

It is expected from our previous works that the Schiff base-type
complex (1) is converted to a non-innocent-type complex,” which
possesses two additional asymmetric carbon centres adjacent to
myrtenyl groups, via a simple flip of its pendent myrtenyl arms
accompanied by an imino C-C bond formation (Scheme 1). In this
case, the P and M configurational Schiff base-type complexes are
considered to lead to R,R and S,S configurational carbon centres in
the resulting non-innocent-type complex, respectively, because of
the steric demand. When 1 was treated in THF at 30-40 °C for

Scheme 1 Interconversion between Schiff base-type and non-innocent-type
nickel(i) complexes.

This journal is © The Royal Society of Chemistry 2013
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Scheme 2 Formation of Pand M isomers of a Schiff base-type nickel(i) complex.

Fig. 1 "H NMR spectrum of 1 in CDCls.
several hours, the initial suspension turned to a brown solution,
from which violet powder (2) was isolated after the chromatographic
purification using a silica gel column. Compound 2 exhibits a single
set of signals in the "H NMR spectrum (Fig. 2a), the spectral feature
of which is compatible with that of a proposed non-innocent-type
nickel(u) complex. Single-crystals of 2 suitable for X-ray diffraction
were obtained by slow evaporation of a pentane solution of 2. The
X-ray analysis established that 2 is indeed a mononuclear nickel(u)
complex with a tetradentate-N,,S, non-innocent-type ligand (Fig. 3).
In 2, the two carbon atoms adjacent to myrtenyl groups are
asymmetric with the S,S configuration. This implies that the
parental Schiff base-type complex (1) has the M helical configu-
ration. The averaged Ni-S and Ni-N bond distances are 2.119(3) and
1.809(7) A, respectively (Table S2, ESIf), which are comparable to
those reported for related nickel(n) complexes with non-innocent
ligands.”"! The averaged C-S and C-N bond distances are 1.718(10)
and 1.356(11) A, respectively. These values are intermediate between
those of single and double bonds and are similar to those found in
complexes with oc-iminothionebenzosemiquinonate
Here it should be noted that 2 is not stable in solution

analogous
ligands.>"

Fig.2 'H NMR spectra of (a) 2, (b) dark violet powder and (c) 3 in CDCls.

This journal is © The Royal Society of Chemistry 2013

Fig. 3 Ortep drawing of 2. Ellipsoids represent 30% probability. Hydrogen
atoms are omitted for clarity.

and is reverted back to 1, as evidenced by the 'H NMR spectral
change with time (Fig. S2, ESIT). Thus, it is seen that 2 is a kinetically
controlled product of 1 that is thermodynamically more stable.

To check the possibility of the formation of the non-innocent-type
nickel() complex with another configuration (R,R or R,S), 1 was treated
in toluene under reflux (110-120 °C)."* Again, the initial suspension
turned to a dark brown solution, from which a dark violet powder was
isolated. While the absorption spectrum of this powder is essentially
the same as that of 2, its "H NMR spectrum gives two sets of signals in a
1 : 1 integration ratio (Fig. 2b), one of which is identical with the signals
for 2. This suggests that another isomer (3) of the non-innocent-type
nickel(n) complex was produced in this reaction (Fig. 2c), besides 2.
Notably, the signals for 2 decreased with time, with the appearance and
growth of the signals of 1, while the signals for 3 remained intact
(Fig. S3, ESIT). In parallel with this observation, dark-violet crystals of 3
were produced by slow evaporation of a pentane solution of the initial
dark violet product. Furthermore, dark-brown crystals of 1 were grown,
together with dark-violet crystals of 3, when diethyl ether was diffused
into a CH;CN solution of the dark violet product. The CD spectrum of 3
is enantiomeric to that of 2, suggesting that 3 has the R,R configuration,
opposite to the S,S configuration of 2 (Fig. S4, ESIT). The molecular
structures of 3 and 1 were both determined by X-ray analysis, using the
crystals thus obtained.

As shown in Fig. 4, 3 has a mononuclear nickel(u) structure with
a tetradentate-N,,S, non-innocent-type ligand, which is analogous to
2. Moreover, the bond distances and angles for 3 are very similar to
those for 2 (Table S2, ESIf). However, the two asymmetric carbon
atoms adjacent to myrtenyl groups in 3 have the R,R configuration.
On the other hand, 1 was determined to be an expected mono-
nuclear nickel(n) complex having two bidentate-N,S Schiff base

Fig. 4 Ortep drawing of 3. Ellipsoids represent 30% probability. Hydrogen
atoms are omitted for clarity.

Chem. Commun., 2013, 49, 668-670 | 669
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Fig. 5 Ortep drawing of 1. Ellipsoids represent 50% probability. Hydrogen
atoms are omitted for clarity. The asterisk in the atom labels represents symmetry
generated atoms (1 — x, y, 1 — 2).

Scheme 3 Conversion between 1, 2 and 3.

ligands (Fig. 5). The metal atom is located on a crystallographic
2-fold axis. In 1, the two myrtenyl arms of two ligands cross each
other to form a single-stranded helical chirality with the M configu-
ration. The Ni-S (2.1748(13) A) and Ni-N (1.904(3) A) bond distances
in 1 are normal for square-planar nickel(u) complexes with an N,S,
donor set, and the C-N bond distances (1.299(5) A) of Schiff base
moieties are compatible with a C-N double bond delocalization.**?

From the structural determinations of 1, 2 and 3, it is confirmed
that the Schiff base-type nickel() complex obtained from (1R)}-(—)-
myrtenal-derived benzothiazoline selectively forms the M isomer (1),
rather than the Pisomer, and that the reflux of its solution results in the
formation of the S,S and R,R isomers (2 and 3) of the non-innocent-type
complex, while its moderate heating gives only the S,S isomer (2). No
significant "H NMR spectral change with time was noticed for 3, which
is in contrast to the case of 2 (Fig. S2, ESIf). The profile of these
reactions is summarized in Scheme 3. Molecular model examinations
indicate that an unfavorable non-bonding steric interaction exists
between the myrtenyl groups and the benzene rings when the Schiff
base-type complex has the P helical configuration, which seems to
account for the selective formation of the M isomer. In addition, the
stability of 3 toward conversion to the Schiff base-type complex, as well
as its formation only under severe reaction conditions, is most likely
related to the steric factor, given that 3 is interconvertible to the Schiff
base-type complex having the unfavorable P configuration.

In summary, we showed that (1R)-(—)myrtenal-derived
benzothiazoline readily reacts with nickel(n) to afford only the M

670 | Chem. Commun., 2013, 49, 668-670

isomer of the Schiff base-type nickel(n) complex (1). This result
indicates that the helical chirality is effectively controlled by asym-
metric centers existing in the pendent arms. Remarkably, 1 was found
to be converted to the S,S isomer of the non-innocent-type complex (2)
by the moderate heating of its solution, which is easily reverted back to
1 at room temperature. Thus, the information of helical chirality in 1
is kinetically transferred to the central chirality in 2 in the course of the
C-C bond formation, while the information of central chirality in 2 is
thermodynamically transferred to the helical chirality in 1 in the
course of the C-C bond cleavage. Note that the reflux of its solution
resulted in the formation of the R,R isomer (3), together with the S,S
isomer (2). Since 3 is thermodynamically stable and is not converted to
the Schiff base-type complex, it is seen that the kinetic control of
products is essential for the reversible transfer of chiral information
between two isomeric compounds. With this in mind, the develop-
ment of another chiral coordination system that shows a reversible,
chiral selective structural change is currently underway.
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We reported earlier that KNOs- and Pt-impregnated potassium titanate nanobelt (KTN) catalysts exhibit
high storage capacity and excellent catalytic cycles for NO, storage-reduction (NSR) reaction. In the
present study, we compared the NSR behavior of various alkali-metal-nitrate impregnated KTN catalysts,
which revealed that the KNOs;-impregnated catalyst exhibited superior performance. The XPS and XRD

analyses of the NaNOs-impregnated KTN catalyst showed that the migration of K* from KTN bulk to the

Keywords:

NOy storage/reduction (NSR)
Titanate

X-ray photoelectron spectroscopy

surface nitrate salt took place more predominantly than the migration of Na*. Probably for this reason,
KNOs-impregnated KTN materials exhibit the best performance for NSR catalytic cycles.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Because of recent severe environmental problems, NOy emis-
sions must be strictly controlled and regulated [1]. Simultaneously,
urgent development of highly fuel-efficient vehicles has been
sought because of limited crude oil resources in the world and
increasingly severe global warming. Conventional three-way cat-
alysts are extremely efficient at reducing NOy, CO, and unburned
hydrocarbon emissions, but only within a narrow window region
around the stoichiometric air/fuel ratio (A/F = 14.7), although lean-
burn engines (A/F=20-25) can burn fuel much more efficiently
[2]. Therefore, an effective NOx removal technique for lean-burn
exhaust has come to be desired eagerly from both environmental
and catalytic perspectives. In fact, NO, removal technologies under
the lean-burn condition include direct catalytic decomposition of
NOyx [3], catalytic NOy storage/reduction (NSR) [1,4-6], and selec-
tive catalytic reduction of NOy with urea/NHs3 [7] or hydrocarbon
[8,9].

The NSR catalysts operate under cyclic fuel lean-rich conditions.
Under the lean-burn condition, NOy is absorbed on the catalyst.
Under the rich-burn condition, stored NOy is reduced by H,, CO,
and hydrocarbons. Generally, NSR catalysts contain three compo-
sitions: high surface area metal oxides such as Al,03 as a support,
basic elements such as Ba and K as a NOy storage site, and precious
metals such as Pt, Pd, and Rh as a redox site for oxidizing NO to NO,
and for reducing the stored NOy to regenerate storage capacity. In

* Corresponding author.
E-mail address: naitos01@kanagawa-u.ac.jp (S. Naito).

0920-5861/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2011.10.018

actual systems, a storage period of 1-2 min and subsequent 3-5s
rich conditions are typically adopted.

The most popular model NSR catalyst is Pt-Ba/Al,03, which
was first developed by Toyota’s research group [4-6]. Although
considerable amounts of experimental and theoretical investiga-
tions of Pt-Ba/Al,03 have been reported, severe problems remain
unresolved with respect to sulfur poisoning [5,10-12]. Meanwhile,
NSR catalysts with high NOy storage capacity are desirable because
increasing the NOy storage capacity can decrease the necessary
amount of catalyst and thereby decrease the amounts of precious
metals and costs. Titanium dioxide has been proposed as an effi-
cient support for NSR reaction instead of Al,03 because of its
greater resistance to sulfur poisoning [5]. At the same time, several
research groups have demonstrated that potassium based catalyst
showed good performance on NOy storage in a lean-burn atmo-
sphere [13-15].

Recently a Korean research group has reported that Pt/K,Ti;Os5
catalysts, prepared through a solid state reaction, exhibited high
NOjy storage capacity (1.2 mmol/g) at 550°C [16,17]. The structural
transformation between K;Ti;Os and K, TigO13 has been regarded
as the mechanism for NOy storage on Pt/K;Ti, 05 [17]. The lower
NOy storage capacity at lower temperatures (200-400°C) as well
as the slower NOy storage rate even at higher temperatures (550 °C)
has limited the application of K;Ti,Os-based catalysts in wide
areas.

Alkali titanate nanomaterials have been widely investigated
[18-20]. However, their usual applications have directed the for-
mation of functional materials by neutralizing them with acid
[21,22]. Recently we reported the preparation of potassium-
titanate nanobelts (KTN) using hydrothermal method. We used
them as supports for Pt-KNOs-impregnated NSR catalysts [23].
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Fig. 1. Time courses of the outlet NO concentration on different catalysts during
isothermal NO, storage tests at 350°C: (a) KTN, (b) Pt-13LiNOs;/KTN, (c) Pt-
17NaNO;/KTN, (d) Pt-20KNO; /KTN, (e) Pt-27RbNO; /KTN, and (f) Pt-33CsNO; /KTN.

The obtained catalysts exhibited a high NOy storage capacity
(1.27-2.27 mmol/g) at 350°C, whose maximal value (2.27 mmol)
was the highest NOy storage capacity ever reported in the literature.
Results of isothermal NOy storage and lean-rich cycling experi-
ments, as well as various characterizations of catalysts before and
after the reaction, demonstrate that the reduction of stored KNO3
caused the formation of a K-rich surface layer of KTN. The migration
of K* from and back to the K-rich layer might be the mechanism for
the storage and reduction of NOy on those catalysts.

In this study, comparison of NSR behaviors of various alkali-
metal-nitrate impregnated KTN catalysts revealed that the KNO3-
impregnated one showed superior performance. The XPS and XRD
analyses of NaNOs-impregnated Pt/KTN catalysts revealed that the
migration of K* from KTN bulk to the surface nitrate salts proceeds
more predominantly than the migration of Na*, which explains why
KNOs-impregnated KTN exhibited the best catalytic performance.
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Fig. 2. NOy storage capacities of Pt-MNO3;/KTN (M=Li, Na, K, Rb, and Cs) during
isothermal NOy storage tests at 350°C.

2. Experimental
2.1. Catalyst preparation

A KTN was prepared using hydrothermal treatment with TiO,
and KOH as starting materials. In XRD measurements of the
obtained KTN, all reflection peaks were assigned to a monoclinic
phase of K;TigO¢7 (JCPDS No. 84-2057) (Fig. 5(a)). Nanobelts of
several micrometers’ length and tens of nanometers width with
bending and twisting features were observed using TEM. Details of
the preparation method and the results of characterization were
described elsewhere [23]. Alkali metal nitrates of various kinds
(designated as MNOs3: M =Li, Na, K, Rb, and Cs) and 1.5 wt% Pt were
dispersed onto the KTN support using a conventional impregnation
method. The impregnation amounts of MNO3; were, respectively,
13 (M =Li), 17 (Na), 20 (K), 27 (Rb), and 33 wt% (Cs), which corre-
sponded to 2 mmol/g on catalysts. Mixtures of the KTN and aqueous
solutions of H,PtClg and MNO3 were put into an oven at 70 °C until
complete evaporation of water was achieved, with subsequent cal-
cination at 350°C for 2 h (designated as the as-prepared sample).
The catalysts were designated as Pt-xxMNO3/KTN, where xx signi-
fies the weight percent of MNO3.

2.2. Catalyst characterization

The XRD patterns were recorded using a diffractometer (Mul-
tiFlex; Rigaku Corp.) with a Cu Ka1 X-ray source (50kV, 30 mA).

Fig. 3. Time courses of the reduction processes of stored NOy on (a) Pt-17NaNO3/KTN and (b) Pt-20KNO5 /KTN catalyst at 350 °C (100 mg of catalyst, 80 mL/min of 4% H,/He).
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Fig. 4. X-ray photoelectron spectra of (a) as-prepared and (b) NOy stored Pt-17NaNO;/KTN samples. Spectra of both samples before and after in situ hydrogen reduction at

350°C are shown, respectively, as solid and dashed lines.

Then X-ray photoelectron spectroscopy (XPS) was conducted using
aspectrometer (JPM-9010MGC, JEOL) with a Mg Ko X-ray source. The
XPS apparatus has a preparation chamber in which a sample can
be heated in situ and can be reduced by hydrogen (in situ hydro-
gen reduction). The Cls (284.3 eV) peak was used as the standard
reference for binding energies.

2.3. Procedure for NOy storage/reduction

Catalytic tests were performed on a fixed-bed-gas-flow reactor
equipped with a pulse gas-feed system. The outlet gas was ana-
lyzed using an online quadrupole-mass-spectrometer (QME200;

Pfeiffer Vacuum GmbH). Before each catalytic test, 100 mg of a cata-
lyst was placed in a quartz tube reactor and reduced by 80 mL/min
of 8% Hy/He flow from room temperature to 350°C with a ramp
rate of 10°C/min. It was maintained at 350 °C for 30 min. For the
isothermal NOy storage test, 80 mL/min of 930 ppm NO/7%0,/He
mixed gas was flowed through the reduced catalyst at 350°C (des-
ignated as a NOy stored sample). The outlet gas was analyzed using
a QMS. After flushing by 80 mL/min of He for 15 min, the NOy stor-
age catalyst was reduced by 80 mL/min of 4% H,/He at 350°C and
the outlet gas was analyzed using a QMS. Then the procedures
described above were repeated. Data obtained from the second test
were then used for analyses.
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3. Results and discussion

3.1. NOy storage and reduction capability of various
alkali-metal-nitrate impregnated potassium titanate catalysts

Fig. 1 shows time courses of isothermal NOy storage on various
alkali-metal-nitrate impregnated KTN catalysts at 350 °C. The stor-
age process includes two stages: at the first stage, NO was trapped
completely, with no outlet NO detected; at the second stage, NO
was partially trapped, with outlet NO increasing concomitantly
with time. As presented in Fig. 1, all alkali-metal-nitrate impreg-
nated Pt/KTN catalysts exhibited better NO trapping capacity than
Pt/KTN without impregnation of alkali metal nitrate salts, whereas
the periods of the complete NO trapping stage were depen-
dent on impregnating alkali metal nitrate salts of the kind. The
potassium and sodium nitrate impregnated ones exhibited excel-
lent performance (24.7 and 20.1 min, respectively). The rubidium-
and cesium-impregnated ones exhibited moderate performance
(16.1 and 14.3 min, respectively). The lithium-impregnated one
exhibited the shortest period (8.2 min). The NO storage capaci-
ties calculated from the isothermal NO storage experiment also
depended on impregnating alkali metal nitrate salts of the kind,
and showed the same trends as the complete NOy trapping periods
(Fig. 2). Our previous report on the potassium nitrate impregnated
KTN catalyst revealed that NO trapping facilitates the migration of
potassium cations from K-rich titanate layers to surface nitrate salt
[23]. The volcano-like trends toward alkali metal cations in NOy
trapping period (Fig. 1) as well as NOy trapping capacity (Fig. 2)
probably arose from the different migration abilities of alkali metal
cations between the titanate surface and nitrate salts, which might
depend on the size of the cation.

Fig. 3 depicts time courses of the reduction processes of
stored NOy on Pt-17NaNO3/KNO3 and Pt-20KNO3/KNO3 catalysts
at 350°C. When 4%H,[He was introduced on both catalysts in the
NOj stored state, the m/z=28 signal derived from N, increased after
a short period (<30 s) with the subsequent increase of the m/z=18
signal derived from H,O. This result demonstrates that both cata-
lysts exhibited comparably good responses to hydrogen reduction.
The m/z=2 signal derived from H, was not observed in the ini-
tial stage of reduction (up to 3 min), although a sharp increase of
the m/z=2 signal was observed after that period (after 4 min). This
result indicates that those catalysts are sufficiently active to con-
sume hydrogen completely in the initial stage and to complete the
reduction within a couple of minutes. It is noteworthy that the pro-
duction of unfavorable byproducts such as NH3, N,O and NO, was
not observed during the reduction process on either catalyst.

3.2. XPS and XRD analyses on sodium nitrate impregnated KTN in
NOy stored/released states

To elucidate the different behavior of various alkali metal
cations, which come from impregnating nitrate salts and KTN bulk,
XPS and XRD analyses on the NaNOs-impregnated KTN catalysts
under as-prepared and NOy stored states were conducted. Fig. 4
depicts the X-ray photoelectron spectra of O1s, N1s, Ti2p, K2p, and
Nals transitions of as-prepared (solid line in (a)) and NOy stored Pt-
17NaNOs3/KTN (solid line in (b)) samples, and also the spectra after
in situ hydrogen reduction of both samples at 350 °C for 1 h (dashed
lines in (a) and (b)). In the spectrum of the as-prepared sample, the
peaks derived from NO3~ were observed at 407.0 and 532.6eV in
the region of the N1s and O1s transitions, respectively, which dis-
appeared completely after in situ reduction and reappeared again
after NOy storage. These results support that NOy molecules are
stored as NOs~ species located on the KTN surface. In contrast to
the peaks derived from NO3~, the intensities of the peaks with the
binding energies at around 529.3 and 457.8 eV, assignable to the

O1s and Ti2p3/2 transitions of KTN, increased considerably after
insitu hydrogen reduction. This result is explainable by the fact that
the nitrate species that were formed by NOy storage process and
covered the KTN surface were removed after hydrogen reduction,
thereby exposing a bare KTN surface.

The K2p3/2 transition of as-prepared sample has a single peak
at 292.7eV, which is assignable to KNOs, although NaNO3 was
impregnated on the KTN material. This is true probably because
the cation exchange reaction between sodium nitrate and potas-
sium cation on KTN surface proceeded to a small degree during the
impregnation or calcination process used to prepare NaNO3/KTN.
After in situ reduction of the as-prepared sample, K2p3/2 peak
was shifted from 292.7 to 292.1 eV, which can be assigned to the
K2p3/2 transition of KTN. This result suggests the incorporation of
K* of KNO3 into the bulk of KTN during in situ hydrogen reduc-
tion. In the NOy stored sample (spectra (b)), the peak at 292.7 eV,
assignable to the K2p3/2 transition of KNO3, was observed again.
The remarkable increase of its intensity indicates that a certain
extent of K* migrated from KTN bulk was incorporated into the
formation of surface nitrate salt. After in situ reduction, its inten-
sity decreased markedly, accompanied with the shift of its binding
energy (292.2 eV), suggesting that most of K* was back into the lat-
tice of KTN. On the other hand, the behavior of impregnated Na*
differed somewhat from that of K*. After in situ hydrogen reduc-
tion of the as-prepared sample, the intensity of Nals transition
increased slightly with the shift of binding energy from 1071.6 to
1071.3 eV. This result suggests the incorporation of Na* into KTN.
In the NOy stored sample, the intensity of Nals peak decreased
drastically. It was recovered again through in situ hydrogen reduc-
tion. These observations indicate clearly that potassium cations
migrated more predominantly from KTN to surface nitrate salts
than sodium cations and covered most of the KTN surface as KNO3
salts.

Those migration phenomena of potassium cations were also
observed using XRD. Fig. 5(b) shows the XRD pattern of Pt-
17NaNO3/KTN catalysts at the NOy stored state. Strong peaks at
20=23.6,29.4 and 33.9° can be assigned to KNO3, although NaNO3

Fig. 5. XRD patterns of (a) KTN and (b) NOy stored Pt-17NaNO3/KTN samples. The
positions of the reflections from KNO5; are shown as dashed lines. The indexing
of KTN (a) was done according to JCPDS database of a monoclinic K,TigO17 (No.
84-2057).
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Fig. 6. Proposed mechanistic view of NOy storage/reduction on Pt-NaNO3 /KTN.

was impregnated at the beginning. These KNO3 peaks disappeared
completely through hydrogen reduction.

Fig. 6 shows a possible schematic process of the NSR reaction
on Pt-NaNO3/KTN catalyst. The impregnated H,PtClg and NaNO;
(with a small amount of KNO3) can be reduced during pretreat-
ment by H, reduction, and a K-and Na-rich layer and Pt metallic
particles can be formed on the surface of KTN. During the NOy stor-
age process, NO molecules were first oxidized on Pt to NO, and
then combined predominantly with potassium cations from a K-
rich and Na-rich layer, thereby forming KNO3 on the surface. The
formed NOy storage species might move easily on the surface and
eventually cover most of the KTN surface. During the NOy reduc-
tion process, the formed KNO3 was reduced by hydrogen and the
K* moved back to the KTN bulk to form the K and Na-rich layer
again. The XPS and XRD results revealed that potassium cations
can migrate more easily from titanate bulk to surface nitrate salts
than sodium cations. Probably for this reason, KNO3;-impregnated
KTN showed the best NOy storage/reduction performance among
various alkali-metal-impregnated KTN catalysts.

4. Conclusion

The NSR activity of KTN was enhanced by the decoration of vari-
ous alkali metal nitrate salts. Among them, the KNO3-impregnated

one showed superior performance and a NaNOs-impregnated one
showed comparable activity to the KNOs-impregnated one. The
XPS and XRD analyses of the NaNOs-impregnated KTN mate-
rial revealed that migration of K* from the KTN bulk to surface
nitrate salts predominated over the migration of Na*. Probably
for this reason, KNOs-impregnated KTN showed the best NOy
storage/reduction performance among the various alkali-metal-
impregnated KTN catalysts.
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The catalytic activity of 2wt% Ir/TiO, in alcohol oxidation with molecular oxygen was enhanced by
high-temperature reduction (673-873 K) of the catalyst in a hydrogen stream. Wide variety of alco-
hols were converted efficiently into corresponding carbonyl compounds with 2 wt% Ir/TiO, reduced at
723 K. Kinetic analysis revealed that the alcohol adsorption was enhanced by high-temperature reduction
of catalysts. Formation of partially reduced titanium oxide by high-temperature hydrogen reduction of
TiOz-supported metal catalysts is a widely known phenomenon as the SMSI effect. The formed TiO,_s)
species containing coordinatively unsaturated titanium sites might contribute to the enhancement of
catalysis as a coordination site of alcohols.
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1. Introduction

Carbonyl compounds such as aldehydes and ketones comprise
an important class of compounds used not only in chemical indus-
tries but also in laboratories. The oxidation reaction of alcohols is
regarded as a principal process because it is the most common way
of producing carbonyl compounds. In spite of the formation of toxic
by-products and large amount of heavy metal wastes, the reac-
tions have been performed mainly in non-catalytic systems with
stoichiometric amounts of oxidants [1]. From environmental and
economic points of view, catalytic systems that can use greener
and cheaper oxidants, particularly molecular oxygen, have been
desired [2]. To date, catalytic systems of various kinds have been
reported in the oxidation of alcohols using transition metal com-
plexes [3-5], nitroxyl radicals [1], heterogeneous catalysts [6-10],
and photocatalysts [11,12]. For practical applications, utilization of
metal catalysts supported on oxide materials is preferred because
of their advantages in separation, recovery and reuse of the cata-
lysts, and ease of catalysts preparation. Therefore, the development
of efficient supported metal catalysts for this reaction has been
regarded as an attractive research area.

Recently, we reported that TiO,-supported Ir catalysts prepared
using the conventional impregnation method efficiently catalyzed
the oxidation of alcohols with molecular oxygen [13]. Although Ir
catalysts supported on various oxide materials exhibited catalytic
activity to a certain degree, the relations between catalytic activ-
ity and metal surface area or acid-base properties of the support
were not observed clearly. Investigation of the intrinsic role of TiO,

* Corresponding author. Tel.: +81 45 481 5661x3903; fax: +81 45 413 9770.
E-mail address: naitosO1@kanagawa-u.ac.jp (S. Naito).

0920-5861/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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support revealed that catalytic activity of Ir/TiO- in the alcohol oxi-
dation was enhanced by high-temperature reduction in a hydrogen
atmosphere. Strong interaction between metal particles and the
TiO, support is well known to be induced by high-temperature
hydrogen reduction. This phenomenon is known as the Strong-
Metal-Support-Interaction (SMSI) effect [14,15]. A well accepted
explanation of the SMSI effect is the decoration of metal surface
by partially reduced titanium oxide [16-19]. Several reports have
described that activity and/or selectivity of the TiO, supported cat-
alysts can be tuned by the SMSI effect. For example, Fierro et al.
reported enhancement of the catalysis toward the hydrogenation of
citral over Ir/TiO, by the SMSI effect [20]. They explained that TiOx
species formed by the higher temperature reduction contributed to
the polarization of carbonyl group, which made the hydrogenation
of citral easier to produce geraniol or nerol. Moon et al. and Pan-
pranot et al. reported that higher temperature reduction of Pd/TiO,
improved the selectivity in the semi-hydrogenation reactions of
alkyne to alkene [21-23]. Moon et al. described that configuration
and electronic modification of Pd particles were the key factors
for improving the selectivity in the hydrogenation of acetylene
to ethylene over Pd/TiO, [21]. In the present work, we describe
enhancement of the catalytic activity of Ir/TiO, in the oxidation of
alcohols by high-temperature reduction in a hydrogen stream. Fur-
thermore, we investigated how the SMSI effect participated in the
enhancement of the catalytic activity.

2. Experimental
2.1. Instruments

GC analyses were performed using a gas chromatograph (GC-
2010; Shimadzu Corp.) with a FID detector equipped with a
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TC-WAX capillary column. Mass spectra were recorded on a spec-
trometer (GCMS2010; Shimadzu Corp.) equipped with a TC-WAX
capillary column at an ionization voltage of 70eV. NMR spectra
were recorded on a spectrometer (JNM-ECA-600; JEOL). The 'H
and '3C NMR spectra were measured, respectively, at 600.17 and
150.92 MHz. A transmission electron microscope (JEM2010; JEOL)
with an acceleration voltage of 200kV and a LaBg cathode was
applied for the observation of the images of supported catalysts.
Samples were prepared by suspending the catalyst powder ultra-
sonically in 2-propanol and depositing a drop of the suspension
on a standard copper grid covered with carbon monolayer films.
The X-ray photoelectron spectra were recorded on a spectrometer
(JPS-9010; JEOL) with a Mg Ka X-ray source (10kV, 10 mA). Before
measurement, a sample was reduced by H, at 573K or 723K in
the preparation chamber and transferred to the analysis chamber
without exposure to air. The adsorption amount of carbon monox-
ide was measured using a static volumetric adsorption apparatus
(Omnisorp 100CX; Beckman Coulter, Inc.) at 298 K. Before measure-
ment, a sample was dried at room temperature and reduced for 3 h
at varying temperatures in a flow of hydrogen at atmospheric pres-
sure. The dispersion (D(%); percentage of metal atoms exposed to
the surface) of the supported metal was evaluated from the amount
of chemisorbed carbon monoxide and adsorption stoichiometry
(CO/surface metal atom=1).

2.2. Materials and catalyst preparation

The TiO, support (P25) was purchased from Nippon Aerosil Co.,
Ltd. The solvents used for the catalytic reaction were dried with
activated molecular sieves 4A. For other materials, commercially
available reagents of the highest grade were used without fur-
ther purification. A TiO,-supported Ir catalyst was prepared from
aqueous solution of HyIrClg using the conventional impregnation
method. The loading amount of Ir was adjusted in the range of
0.5-15wt%. The impregnated sample was dried at 373K and then
reduced in a H; flow at varying temperature for 3 h.

2.3. Procedures for catalytic oxidation

The oxidation reaction was done in the following procedure:
187 mg of the reduced 2wt% Ir/TiO, (Ir: 20 wmol, 1.25mol% to
substrates), the solvent (toluene or mesitylene, 1.5mL), and the
substrate (1.5 mmol) were charged into a glass vial (17 mL). The
reaction was started by stirring the reaction mixture at 353K in
alcohol oxidation or 423 K in xanthene oxidation under molecular
oxygen at atmospheric pressure. The products were identified by

Table 1
Dependence between reduction temperature of catalysts and catalytic activity in
the oxidation of 1-phenylethanol at 353 K for 1 h.

Red. temp (K)  Yield of acetophenone (%)  CO chemisorption amount (mL/g)
573 27 1.5

673 62 1.0

723 89 0.35

773 62 0.17

873 57 -

comparison of the mass and NMR spectra with those of authen-
tic samples. The yields of the products were determined using GC
analyses with an internal standard technique.

3. Results and discussion
3.1. Characterization of the catalyst

The relation of CO chemisorption amount with hydrogen reduc-
tion temperature was examined on 2wt% Ir/TiO,. When the
hydrogen reduction temperature was increased, the CO chemisorp-
tion amount was decreased (Table 1) because of the Strong Metal
Support Interaction (SMSI) effect. The decrease of chemisorption
amount is explained by the decoration of Ir metal surface with
partially reduced titanium oxide, which is formed by hydrogen
reduction at high temperature [16-19]. After reduction at 873 K, the
chemisorption amount of CO was almost zero. ATEM photograph of
the catalyst reduced at 723 K is presented in Fig. 1(b). It was rather
difficult to distinguish the interface between Ir metal particle and
TiO, support. In addition, some Ir particles were completely cov-
ered with partially reduced titania moieties. On the other hand, the
interface between Ir metal particle and support was clearly distin-
guishable in the case of 573 K reduced catalyst (Fig. 1(a)) and the
surfaces of Ir metal particles were well exposed. These observations
also support the occurrence of the SMSI effect by the reduction at
723 K. The electronic state of Ir was investigated using XPS analy-
ses. The catalysts reduced in a H, atmosphere were transferred to
the measurement chamber without exposure to air. In the Ir4f;,
transition, the similar spectra were obtained for 573K and 723 K
reduced catalysts (Fig. 2). This observation suggests that the elec-
tronic state of Ir species formed on the catalyst reduced at 573 Kand
723 Kare not so different. The observed spectra for Ir4f;, transition
were separated in two peaks: a major peak centered at 60.2 eV and
aminor one at 61.7 or 61.8 eV. Binding energy for the major peak is
slightly lower than the reported value for metallic Ir (60.8 eV [24]),
indicating that slightly anionic Ir is the major species. The binding

Fig. 1. TEM images of 2 wt% Ir/TiO; reduced at (a) 573 and (b) 723 K.
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Fig. 2. X-ray photoelectron spectra of the Ir4f transition of 2 wt% Ir/TiO, reduced at
(a)573 and (b) 723 K.

energy for the minor peak is approximately equal to that reported
for IrO; (62.0 eV [24]), indicating that a small amount of Ir species
is in an oxidized state even after the reduction.

3.2. Enhancement of catalytic activity by higher temperature
reduction

The relation between catalytic activity and reduction tempera-
ture was investigated in the aerobic oxidation of 1-phenylethanol
(Table 1). In spite of the decrease of CO chemisorption amount,
the catalysts reduced at higher temperature (673-873 K) showed
higher activity than that reduced at 573 K. This result suggests
that partially reduced titanium oxide around Ir metal particles
enhanced the catalytic activity. The catalyst reduced at 723K
showed the best performance; 94% of acetophenone afforded 98%
selectivity after 7 h at 353 K. The lack of detection of a significant
amount of by-product indicates that the oxidation proceeded selec-
tively. Low-valent Ir or metallic Ir is expected to be the active
species because the catalyst without hydrogen reduction showed
almost no activity. The catalysts reduced at 773 and 823 K showed
lower activity than the 723 K reduced one. This is probably caused
by the too much covering of the Ir surface with partially reduced
titania moieties.

The high-temperature reduction enhanced not only 1-
phenylethanol, but also the oxidation reactions of a wide variety of
alcohols. The catalytic activities of the 723 K reduced catalyst and
573 Kreduced catalyst are compared in Table 2. In the oxidation of
primary alcohols, the 723 Kreduced catalyst showed slightly higher
or almost identical activity compared to that of the 573 K reduced
catalyst. When benzyl alcohol, 4-methylbenzyl alcohol, and cin-
namyl alcohol were applied to the substrates, the 723 K reduced
catalyst exhibited excellent catalytic activity to afford correspond-
ing aldehyde quantitatively, whereas the 573 K reduced catalyst
also showed good activity to afford aldehydes in around 90% yields.
In the oxidation of 4-nitrobenzyl alcohol, the respective catalytic
activities of the 723K reduced catalyst and the 573K reduced
catalyst were almost identical. Enhancement of catalytic activity

Table 2
Oxidation of alcohols and xanthene with molecular oxygen catalyzed by 2 wt%
Ir/TiO, reduced at 573 K and 723 K.

Entry Substrate Time (h) Yield (%) Selec. (%)
12 @/\ OH 1 >99 >99
10 86 >99
29 OH 1 >99 >99
2> )©/\ 91 97
32 /@/\O H 30 65 72
b
3 OzN 65 74
42 N OH 7 >99 >99
4 ©/\/\ 93 94
5 OH 3 >99 >99
5b ©)\ 65 98
6° OH 7 92 98
b /H\/\
6 2 70 95
7 : OH 3 91 92
7° 76 86
8 OH 7 95 98
8b O 84 90
9 OH 21 94 96
10%¢ 12 61 92
100 81 88

2 wt% Ir/TiO, reduced at 2273 and 573 K were used as catalysts. “The reactions were
carried out at 423 K used mesitylene as a solvent.

by high-temperature reduction was observed more clearly in the
oxidation of secondary alcohols. For example, the 723K reduced
catalyst afforded 2-adamantanone in 94% yield in the oxidation
of 2-adamantanol after 21 h, whereas the 573 K reduced catalyst
afforded the product in 58% yield in the same period. For oxida-
tion of other kind of aromatic and aliphatic secondary alcohols, the
723 K reduced catalyst showed efficient catalytic activity to afford
the corresponding ketones at more than 92% yields. It is notewor-
thy that not only the catalytic activity but the selectivity was also
improved by the higher-temperature reduction. For oxidation of
secondary alcohols, dehydration of substrate to form alkenes was
the only detectable side reaction. To consume the substrate in a
shorter period might reduce the production of by-products. There-
fore the selectivity was improved. We have already reported that
Ir/TiO, catalyst shows the catalytic activity to the aerobic oxida-
tion of alkylarenes [13]. We also compared the respective catalytic
activities of 573K and 723 K reduced 2 wt% Ir/TiO; in the oxida-
tion of xanthene (Table 2, entry 10). It is particularly interesting
that the catalytic activity of xanthene oxidation was retarded by
the higher-temperature reduction.

As presented in Table 2, catalysis enhancement by high-
temperature reduction was observed to a considerable degree in
the oxidation of secondary alcohols and moderately in the oxida-
tion of primary alcohols. We reported earlier that primary alcohols
reacted predominantly over Ir/TiO, catalyst in the presence of both
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primary and secondary alcohols [13]. This result might be explained
by the stronger absorption of primary alcohols than secondary alco-
hols on the active sites. The marked enhancement of the catalytic
activity in the oxidation of secondary alcohols by higher temper-
ature reduction suggests that absorption of secondary alcohols
on the active sites was improved in the presence of the partially
reduced titanium oxide species near the Ir metal particles. On the
other hand, the oxidation of primary alcohols was only moderately
enhanced by the SMSI effect. This is probably because the adsorp-
tion of primary alcohols to the catalyst surfaces is strong enough
evenin the absence of the SMSI effect is absent. Fierro et al. reported
the enhancement of the catalysis toward the hydrogenation of cit-
ral over Ir/TiO, by the SMSI effect [20]. They explained that TiOx
species formed by the higher temperature reduction activated the
substrate by polarizing a carbonyl group. The SMSI effect is known
to result from the formation of partially reduced titanium oxide
(TiO,_s) species near the supported precious metals. The partially
reduced titanium oxide species contains oxygen vacancies. In other
words, it contains coordinatively unsaturated titanium sites, which
are able to function as adsorption and/or activation sites of polar
molecules, such as carbonyl compounds and alcohols. To bind the
alcohol molecules in the vicinity of the iridium metal center is pre-
sumed to be an intrinsic role in the enhancement of the catalysis
by the SMSI effect (Fig. 3). It is noteworthy that no enhancement
was observed in the oxidation of alkylarenes of xanthene (Table 2,
entry10), probably because xanthene does not form alcoholate and
has no strong coordination ability.

3.3. Kinetic analysis

To investigate the intrinsic role of the SMSI effect in the
enhancement of the catalysis, kinetic analysis using a Lang-
muir equation was conducted. The Langmuir equation is given
as V=n-kreac K[A]l/(1+K-[A]) or 1/V=1[(n-kreac'K-[A])+1/(11-Kreac)
(K= Kqds/kges ), where V is the reaction rate, n is the number of reac-
tion sites, kreqc is the reaction rate constant of adsorbed species,
kqgs and kges are the adsorption and desorption rate constants of
substrate on catalyst surface, respectively, and [A] is the substrate
concentration. The adsorption equilibrium constant K is calculated
by dividing intercept of y-axes (1/(n-kreqc)) by slope (1/(n-kreqc-K))
on the plot of 1/V vs. 1/[A]. Fig. 4 presents plots of 1/V vs. 1/[A]
toward the 1-phenylethanol oxidation catalyzed by 573 Kand 723 K
reduced 2 wt% Ir/TiO,. Linear correlations were observed on the
plots for both 573K and 723 K reduced catalysts, suggesting that
the reaction operated in the Langmuir type kinetics. The K values
calculated using the method described above were, respectively,
6.7 and 13.5 for 573K and 723 K reduced catalysts. Increase of the
K value after high-temperature reduction indicates clearly that the
SMSI effect enhances adsorption of alcohol on the catalyst surface.

3.4. Recyclability of catalyst

Recyclability of 2wt% Ir/TiO, catalyst reduced at 723K was
examined in oxidation of benzyl alcohol. After the reaction, the
catalyst was separated by filtration and subsequently washed with

A. Yoshida et al. / Catalysis Today 203 (2013) 153-157

Fig. 3. Schematic representation of the enhancement of catalysis by high-temperature reduction.

Fig. 4. Plots of 1/V vs. 1/[A] in the oxidation of 1-phenylethanol catalyzed by 573
(square symbols) and 723 K (circle symbols) reduced Ir/TiO,.

toluene. The obtained catalyst was reused without any treatment.
During the recycling experiments, the yield of benzaldehyde was
only slightly lower than the fresh one in the 2nd and 3rd runs (>99%
(fresh catalyst), 90% (2nd run), 92% (3rd run)), although the greater
decrease was observed in the 4th run (64% (4th run)). The catalytic
activity was almost recovered by hydrogen reduction at 723 K after
the 4th run. The activity was maintained in another three reac-
tions (92% (1st run after reduction), 92% (2nd run), and 89% (3rd
run)). Tauster et al. discussed from the CO chemisorption results
on 2 wt% Pd/TiO, that the SMSI effect became ineffective by oxy-
gen treatment at 673 K and recovered again after high-temperature
hydrogen reduction [14]. Therefore, the catalyst degradation after
several reactions and recovery after high-temperature hydrogen
reduction could be explained by ineffectiveness and recovery of
the SMSI effect.

4. Conclusion

The catalytic activity of 2 wt% Ir/TiO, in alcohol oxidation with
molecular oxygen was enhanced by higher-temperature reduction
(673-873K) of the catalyst in a hydrogen stream, even though
the chemisorption amount of CO was decreased. Wide variety of
alcohols were converted efficiently into corresponding carbonyl
compounds with 2wt% Ir/TiO, reduced at 723 K. Kinetic analy-
sis revealed that the reaction operated in Langmuir type kinetics.
The adsorption constants in Langmuir equation of 6.7 and 13.5
for 573K and 723K reduced catalysts respectively indicate that
high-temperature reduction of catalysts enhanced adsorption of
alcohols. Formation of partially reduced titanium oxide by high-
temperature hydrogen reduction of TiO,-supported metal catalysts
are widely known phenomena referred to the SMSI effect, and the
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formed TiO(,_s) species containing coordinatively unsaturated tita-
nium sites might contribute to the enhancement of catalysis as a
coordination site of alcohols.
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1%, LisN 1%, Chen 51T & » TRFEW AL L THRET 5
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Fig. 1 H,-TPD profiles for Li-N/graphite and
physical mixture of LiH-LiNH,.
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Fig. 2 'Li MAS NMR spectra of (a) 10wt%
Li-N/graphite and (b) LiH-LiNH, physical mixture
after hydrogen desorption at 523 K and 673 K,
respectively.
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Fig. 3 Hydrogen release profiles up to 623 K for the
lithium-Cy, composite, the physically mixed sample of
CgoHs and LiH (molar ratio, 1:36), LiH and C4yH3¢ alone.
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composite (a) after hydrogenation and (b) after hydrogen
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Fig. 5 TPD profiles up to 823 K for (a) PA-LiH
composite, (b) polyacetylene, and (c¢) LiH.
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ABSTRACT

A novel, monomeric species containing a tetra-titanium(IV) oxide cluster and one coordinated sulfate ion grafted
on a di-lacunary Keggin polyoxometalate (POM), [[{Ti(H,0)3}>{Ti(H20)>}2(1-0)3(S04)[(PW10037)]~ 1, was de-
rived from reactions of Ti(S04)- with two precursors, i.e., [(a-1,2-PW;0Ti»035)205]'®~ 2 and [(a-1,2,3-PWsTis.
037),05]'?~ 3, under strongly acidic conditions. [Note: the potassium salts of POMs 1-3 are represented as K1
to K3, respectively.] The potassium salt of 1, which was stable in the solid state, but unstable in water, was
unequivocally characterized by complete elemental analysis, TG/DTA, FTIR, X-ray crystallography, and solid-
state >'P CPMAS and solution >'P NMR spectroscopy. Both precursors have been considered as relatively stable
forms of titanium(IV)-substituted Keggin POMs. A deposit of crystals from the reaction system consisting of pre-
cursor 3, Ti(SO4)», and a strong acid (HCl, HNOs, or H,SO,4) was significantly affected by the conjugate base of the
acid, while crystallization from the reaction using precursor 2 was not affected by the base. The Ti4 center in 1
belongs to a class of a 2-host (di-lacunary site)/4-guest (four Ti atoms) coordination relationship, or a combina-

tion of two sets of a 1-host/2-guest coordination.

© 2012 Elsevier B.V. All rights reserved.

Polyoxometalates (POMs) are molecular metal-oxide clusters,
which have attracted considerable attention in the fields of catalysis,
medicine, surface science and materials science, since POMs are often
considered as molecular analogues of metal oxides in terms of struc-
tural analogy [1-20]. In the synthesis, structure and behavior in
the solid state and in solution of Group IV metal ion (Ti, Zr and Hf)-
containing POMs, it has been elucidated that Zr/Hf atoms are very
similar to each other, but quite different from Ti atom [20]. Site-
selective substitution of WY! atoms in POMs with Ti'"V atoms is partic-
ularly interesting, because of the formation of multicenter active sites
with corner- or edge-sharing TiOg octahedra and also the generation
of oligomeric species through Ti-O-Ti bonds [21-30]. A number of
catalytic reactions of titanium(IV)-containing POMs has also been
reported so far [7,13,31,32]. One of the aspects specific to titaniu-
m(IV)-substituted POMs is the host-guest relationship observed be-
tween the titanium(IV) atom (guest) and the lacunary site (host) of
Keggin POMs. Although the relationship is not necessarily based on
non-covalent interaction, the use of the term of host-guest is

* Corresponding author. Tel.: +81 463 59 4111; fax: + 81 463 58 9684.
E-mail address: nomiya@kanagawa-u.ac.jp (K. Nomiya).

1387-7003/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.inoche.2012.01.017

convenient and useful in classifying and understanding the structures
in the myriad titanium(IV)-substituted POMs [33-35].

The ionic radius of Ti"V (0.75 A) is close to that of WY! (0.74 A),
suggesting that Ti'"V should fit nicely into the POM framework. How-
ever, there is a significant consequence in terms of oligomeric Ti-O-
Ti anhydride formation resulting from substitution with several
titanium(IV) atoms. For instance, tri-titanium(IV)-1,2,3- and di-
titanium(IV)-1,2-substituted Keggin POMs heretofore reported have
been isolated as dimeric, Ti-O-Ti-bridged anhydride forms, e.g., [(ct-
1,2-PW;Ti»035)205]° = 2 [24] and [(o-1,2,3-PWqTi3037),05]'2~ 3
[25].

The dimeric species, 2 [24], of a di-titanium(IV)-substituted o-Keggin
POM and the dimeric species, 3 [25], of a tri-titanium(IV)-substituted o-
Keggin POM have been considered as relatively stable forms of titaniu-
m(IV)-substituted Keggin POMs. However, it has recently been found
that 3 further reacts with Ti(SO4)- to give richer titanium(IV)-containing
POMSs, such as the dimeric species of a tetra-titanium(IV)-substituted o-
Keggin POM {[[{Ti(H20)3}2(1-0)](a-PWTi034) ]2}, 4, and a mono-
meric species containing a tetra-titanium(IV) oxide cluster and two co-
ordinated sulfate ions grafted on a tri-lacunary Keggin POM [{Tis(y-
0)5(S04)-(H20)g}(-PWg034)]> ~, 5, both under HCl-acid conditions
[35].

In this work, to further extend the reactions of the dimeric, titaniu-
m(IV)-substituted Keggin POM precursors, we have carefully investigated
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the reaction products under strongly acidic conditions of Ti(SO4),-4H,0
with the two dimeric precursors, 2 and 3. From the two precursors, a
novel, monomeric species containing a tetra-titanium(IV) oxide cluster
and one coordinated sulfate ion grafted on a di-lacunary Keggin POM
[[{Ti(H20)3}2{Ti(H20)2}2(1-0)3(S04) [ (PW10037)] ~, 1, was obtained as
an analytically pure potassium salt, which was stable in the solid state
but unstable in water. The 2-host/4-guest relationship of the Tis center
in 1 was in contrast to the 3-host/4-guest relationship of the Ti, center
in 5 [35]. It should also be noted that a deposit of crystals from the reac-
tion system consisting of 3, Ti(S04),, and strong acid (HCI, HNOs, or
H,S0,4) was significantly affected by the conjugate base.

The formula and composition of the monomeric species of a tetra-
titanium(IV) oxide cluster and one sulfate ion grafted on the di-lacunary
Keggin POM were determined as K[[{Ti(H0)3}x{Ti(H>0),}>(1-0)-
3(504)](PW;9037)]-nH,0 (n=2-9) (K1) based on complete elemental
analysis, TG/DTA, FTIR, X-ray crystallography and solid-state >'P CPMAS
NMR spectroscopy. K1 in analytically pure form was obtained by a reac-
tion of precursor K2 with Ti(SO4),-4H,0 in a 1 M aqueous HCI solution
[36], and also obtained by a reaction of K3 with Ti(SO4),-4H,0 ina 1M
aqueous HNOjs solution [37]. A synthetic route of POM 1 from POMs 2
and 3 is shown by arrows of full lines in Fig. 1.

The formation of POM 1 can be represented in Egs. (1) and (2).

[((@—1,2—PW,Ti,055),0,] "2 + 4Ti(S0,), + 22H,0—
2 [{Ti(H,0)3},{Ti(H,0); },(#—0)(S0,) (PW1(0s7)] "1 + 650,°~ -+ 4H"
(1)
[(@—1,2,3—PW,Ti;05;),05] 73 + 2Ti(S0,), + 5H,0 + 2W0,*~ + 10H"
=2 [{Ti(H,0)3 },{Ti(H,0); }, (1—0)3(S04) (PW10s7)] "1 + 250,
2)
It should be noted that [{Ti4(IJ.-O)3(SO4)2(H20)8}((X-PW9034)]3_,

5, was formed by a reaction of precursor 3 with Ti(SO4), in a 1M
aqueous HCI solution (Eq. (3)) and its crystals were deposited

under a 1 M aqueous HCl [35]. Formation of 1 or 5 from precursor 3
depends on only the acidic solvents i.e., aqueous HNO3 or aqueous
HCI (Fig. 1).

[(@—1,2,3—PW,yTi;05,),05] 73 + 2Ti(S0,), + 13H,0 + 6H"

3
_’2[{Ti4(ﬂ_0)3(504)2(H20)s}(W_PW9034)]3_(5) ®

A deposit of crystals of K1 from the reaction system consisting of
precursor 3, Ti(SO4)» and a strong acid (HCI, HNOs, or H,SO4) was sig-
nificantly affected by the conjugate bases CI~, NO5~ and SOZ ~; crys-
tals of K1 were deposited under 1 M aqueous HNOs, but no crystals
formed under 1 M aqueous H,SO,. On the other hand, crystal forma-
tion of K1 from the reaction of 2 was not affected by the conjugate
bases.

The solid FT-IR spectra, measured on KBr disks of K1 and the two
precursors, K2 and K3, showed the characteristic vibrational bands of
the Keggin-type “PW;,04, " polyoxotungstate framework [38]. IR
spectra of the two POMs obtained from the two precursors were iden-
tical and thus the frameworks of the both POMs were the same. This
was also confirmed by X-ray crystallography [39]. In the FT-IR spectra
of the two precursors, K2 and K3, the bands based on the Ti-O-Ti vi-
bration between the two Keggin units were observed at 698 and
718 cm ™!, respectively, suggesting that they are dimeric species,
while in the spectrum of K1 no Ti-O-Ti vibrational band was ob-
served, suggesting that it is a monomeric species. [Note: the Ti-O-Ti
bands between the two Keggin units have been previously reported
at 721 cm ™! [24] and 731 cm™ ! [25], respectively.] In the spectrum
of K1, the bands due to the one coordinated sulfate ion were observed
at 1214 and 1100 cm ™!, which can be compared with those of the
monomeric POM K5 having two coordinated sulfate ions at 1232,
1200 and 1128 cm ™~ .

The solid-state 3'P CPMAS NMR spectrum of the monomeric POM K1
showed a single broad signal at —10.8 (the sample obtained from K2
(Fig. S1)) and —10.4 ppm (the sample obtained from K3 (Fig. S2)),

T|(SO4)2 T|(SO4)2 T|(SO4)2 GOOC o
in HCl ag. in HNOjs ag. in HCl ag. 10 min
RT 80°C 80°C
v Y v
2 v. « 4
inD,0 %, " inD,0
in H2804 aqg.
EEC L LI L L LTI S
@ erssasmsmEmanmEnas
in HCl ag.
1 or HNO; ag. 5

Fig. 1. A synthetic route showing the relation among POMs, 1, 4 and 5 derived from the two POM precursors, 2 and 3, is exhibited by arrows of full lines. Behaviors of 1 and 5 in
solution are shown by arrows of broken lines. As to colors in polyhedral representations of POMs, the octahedral TiOg units are shown in blue, all WOg octahedra are shown in gray,
and the one central PO,4 group is shown in yellow. Each sulfate ion, bridged between the two titanium(IV) octahedra, is shown by a yellow circle (S atom) and two red circles (O

atom).
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which can be compared with that of the monomeric POM K5 at —
14.43 ppm and that of the dimeric precursor, K3, at —10.64 ppm [35].
These data should correspond to the solid-state structures determined
by X-ray crystallography.

K1 was stable in the solid state, but unstable in water and readily
decomposed (Fig. S3(a)). POM 1 slowly decomposed in 0.5 M H,SO,4
aqueous solution to give 5 as one of major species, one week later
after dissolving (Fig. S3(b) and (c)). One week later after dissolving
in 1M HCl or 1 M HNO3 aqueous solution, POM 1 gave major peaks
at around —11.1 ppm and minor peaks at around —11.5 ppm (Fig.
S3(d) and (e)), and these spectra were not essentially changed even
three weeks later [36,37].

POM 5 showed almost unchanged 3'P NMR spectra at around —
15.0 ppm in 0.5 M H,SO4 aqueous solution (Fig. S4(a)) even three
weeks later, but in other solutions it gave the 3'P NMR spectra
containing several minor peaks, in addition to the major peak at
around —15.0 ppm, in a couple of days later after dissolving [35]:
POM 5 dissolved in D,0 showed the minor peaks due to 4 and 3 at
—9.74 and —10.45 ppm, respectively (Fig. S4(c)), and POM 5 dis-
solved in HCl or HNO5; aqueous solution showed the minor peaks
(probably due to 1 in solution) at —11.13 and — 11.03 ppm, respec-
tively (Fig. S4(d) and (e)). In Fig. 1, behaviors of 1 and 5 in solution
are shown by arrows of broken lines.

From the reaction system in the absence of SO ~ ions, i.e., the reac-
tion using in situ-generated “Ti(NOs)4”, a POM without coordinated sul-
fate ions, such as “[[{Ti(H20)3-n(OH)p}a(p-0)3](0t-PW;037)] 4"~ 1)
(n=0-3)”, was formed, which showed a 3!P NMR signal in acidic solu-
tion at —11.15 ppm, but it did not crystallize (see Supplementary mate-
rial). The 3'P NMR spectrum of the reaction solution after 1 h stirring,
which showed major peaks at —11.07, —11.10 ppm and a minor
peak at —11.51 ppm (Fig. S5(a)), was very similar to those of 1 one
week later after dissolving in 1 M HCl or 1 M HNO5 aqueous solution
(Fig.S3(d) and (e)). Probably, coordination of the SO7 ~ ion is necessary
only for crystallization of the solid. On the other hand, coordination of
other bases such as NO3™ and Cl~ and subsequent crystallization were
not realized.

The molecular structure of polyoxoanion 1 in K1 are shown in
Fig. 2. The molecular structure of 1 in the crystals obtained from the
precursors K2 and K3 was the same. The presented data are of the
crystals obtained from K2 [39] (also see Supplementary material). Se-
lected bond lengths (A) and angles (°) around the Ti4 centers (Table
S1), other bond lengths (A) and angles (°) (Table S2) and the bond
valence sum (BVS) calculations of the W, Ti, S, P and O atoms in 1
are deposited in Supplementary material (Table S3).

The composition and formula of K1 containing one potassium
counterion and nine hydrated water molecules were determined by
complete elemental analysis and TG/DTA analysis [36]. In X-ray crystal-
lography, POM 1, one potassium cation, and the oxygen atoms due to
10 coordinated water molecules and three |-O atoms, per formula unit,
were identified in the crystal structure, but the location of nine hydrated
water molecules, per formula unit, was not determined as a result of
disorder.

The molecular structure of 1 is a monomeric POM composed of a
Tig cluster and one coordinated sulfate ion constructed on a di-
lacunary Keggin unit. Regardless of the coordination of the sulfate
ion, the arrangement of the Ti, cluster can be considered as a type
of host-guest relation, i.e., a 2-host (di-lacunary site)/4-guest (four
Ti octahedra) coordination, or a combination of two sets of a 1-host/
2-guest coordination. One sulfate ion is bridged between the terminal
positions of two Ti octahedra (Fig. 2(b) and (c)). In total, 10 coordi-
nating water molecules in 1 are shown as open circles in Fig. 2(b)
and (c). Thus, the whole symmetry of this molecule is approximately
exhibited by point group C.

Ti-O-Ti bonds and angles in the Tiy center supported on the di-
lacunary Keggin POM in 1 can be compared with those of the Ti,4 cen-
ter supported on the tri-lacunary Keggin POM unit in 5 [35], and also

with those of the Tisy center accompanied by 4 oxalato ligands sup-
ported on the di-lacunary Keggin POM unit in [[{Ti(ox)(H,0)}4(p-
0)3](a-PW14037)]” ~ (H,0x = oxalic acid) 6 [33].

The Ti-O-Ti skeleton constructed on the di-lacunary Keggin POM
in 1 without the ox?~ ligands and with the sulfate ligand was very
similar to that in 6 without the sulfate ligand and with the ox?~ li-
gands [33]. Three Ti-O-Ti angles (Tiq—-OsY-Ti, 148.9, Ti,-0,Y-Ti
147.9, and Ti;-0,Y-Ti3 147.5°) in 1 are approximately equal, which
are not affected by sulfate coordination, whereas in 6, three Ti-O-Ti
angles are different from each other (124.9, 141.0 and 176.5°). All of
the O-Ti-0 angles in 1 and 6 are almost equal, i.e., about 100°. The
two Ti octahedra (Tis and Tig, equivalent to each other) in 1 are coor-
dinated by three water molecules, and the other two Ti octahedra (Ti,
and Ti,, equivalent to each other) are coordinated by two water mol-
ecules and one bridging sulfate ion. On the other hand, each of the
four Ti octahedra in 6 has one chelating ox?~ ligand and one water
oxygen atom. In 5, composed of four Ti octahedra constructed on a
tri-lacunary Keggin POM, the central Ti octahedron does not directly
link to any WOg octahedra, but connects to three Ti octahedra by
corner-sharing. In 5, the two sulfate ions are bridged between Ti,
and Tig octahedra and between Ti; and Ti4 octahedra, respectively.

Although the Ti-O-Ti skeleton constructed in 1 is very similar to
that in 6, their stability in solution is considerably different. The insta-
bility of 1 in solution and the stability of 6 in acidic media may be at-
tributed to the presence of the ox?~ ligand and the unfavorable
coordination of the sulfate ion in solution.

The bond valence sum (BVS) calculations [40,41] (Table S3), based
on the observed bond lengths, suggest that the 10 doubly protonated
oxygen atoms (O1W-010W: 0.389-0.517) are due to water mole-
cules, and that all atoms (W1-W10, Ti;-Tis, P1, S1 and 01-037)
maintain formal valences (W°™, Ti*™, P5*, S®* and 0%™). No pro-
tonation was confirmed in the bridging oxygen atoms in Ti-O-Ti
bonds (01Y-03Y), i.e., 0?>~. The BVS of the oxygen atoms bonded
to the sulfur atom (01X-04X: 1.482-1.940) suggest a formal valence
027, i.e., no protonation of the sulfate ion.

In summary, several titanium(IV)-substituted Keggin POMs such
as K2 and K3, but not lacunary Keggin POMs, were used as precursors
and the novel titanium(IV)-substituted species, K1, was derived
under acidic conditions. Precursor K3 has given so far titanium(IV)-
substituted POMs such as K4 and K5, depending upon the conditions
[35] (Fig. 1). The present work shows that K3 gives the novel titaniu-
m(IV)-substituted POM, K1, under different conditions. Thus, K3 is
found to be a versatile precursor. K2 has given K6 by a reaction
with an anionic Ti(IV) complex, [TiO(0x),]>~ [33]. The present
work also shows that K2 gives K1 by a reaction with Ti(SO4), in an
HCI aq. solution. The framework of K1 with the coordinated SOZ ~
ion was similar to that of K6 with coordinated ox?~ ions. From the
viewpoint of the host-guest chemistry of Ti-substitution in POMs,
the Tis center in 1 comprised a new type of host-guest relation, i.e.,
2-host/4-guest coordination. The polyoxoanions containing rich tita-
nium(IV) atoms in the lacunary sites of POM are also of interest as
possible solid oxidation catalysts [31,32]. Studies in this direction
are in progress.
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Fig. 2. (a) Molecular structure of monomeric polyoxoanion [[{Ti(H20)3}>{Ti(H20)}>(1-0)3(S04)](PW10037)] (1) in K1, polyhedral representations ((b) side view and (c) top view),
and (d) partial structure around the Tis center. In (b) and (c), the water molecules coordinated to the titanium(IV) octahedra are exhibited as open circles.

CSD reference number 422826 (formula/code: ym005) for K1. Sup-
plementary data: General methods, X-ray crystallography, control ex-
periments, the solid-state 3'P CPMAS NMR spectra of K1 (Fig. S1 and
S2), the solution 3'P NMR spectra of 1 (Fig. S3), 5 (Fig. S4) and the re-
action solution of 1 under SO7 ~-free conditions (Fig. S5), selected
bond lengths (A) and angles (°) around the Ti4 centers for 1 (Table
S1), other bond lengths (A) and angles (°) for 1 (Table S2) and
bond valence sum (BVS) calculations of W, Ti, S, P and O atoms for
1 (Table S3) associated with this article can be found in the online
version at doi:10.1016/j.inoche.2012.01.017.
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ABSTRACT: Reaction of - and pr-N-acetylmethionine (Hac-

met) and Ag,0O in water at ambient temperature afforded the

remarkably light-stable silver complexes {[Ag(L-acmet)]}, (1)

and {[Ag,(D-acmet)(L-acmet)]}, (2), respectively. The color of

the solids and aqueous solutions of 1 and 2 did not change for

more than 1 month under air without any shields. The light

stability of these two silver(I) complexes is much higher than that

of silver(I) methioninate {[Ag,(p-met)(L-met)]}, (3) (Hmet =

methionine), silver(I) S-methyl-L-cysteinate {[Ag(L-mecys)]},

(4), and silver(I) r-cysteinate {[Ag(r-Hcys)]}, (5). X-ray

crystallography of 1 obtained by vapor diffusion revealed that ladder-like coordination polymers with two O- and two S-
donor atoms were formed. The acetyl group of acmet™ prevents chelate formation of the ligand to the metal center, which is
frequently observed in amino acid metal complexes, but allows for formation of hydrogen bonds between the ligands in the
crystals of 1. These two silver(I) N-acetylmethioninates showed a wide spectrum of effective antimicrobial activities against
Gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa) and yeasts (Candida albicans and Saccharomyces cerevisiae),
the effectiveness of which was comparable to that of water-soluble Ag—O bonding complexes.

Bl INTRODUCTION not nucleic acids that act as N/O donors. Although Ag—O and
Ag—N bonding silver(I) complexes are potential antimicrobial
reagents with a wide spectrum of antimicrobial activities, many
of them are not light-stable and/or poorly soluble in common
solvents, as seen in [Ag(Him),]NO; (Him = imidazole),”
{[Ag(im)]},,”® and others, includin§ the silver(I) complexes of
amino acids, peptides, and proteins.” Therefore, their character-
ization, including structural studies, has not been easily carried
out.

To investigate the interactions between biomolecules and
metal complexes via transmission electron microscopy,9 water-
soluble coinage metal complexes are desired. However, there
are only a few water-soluble silver(I) complexes that can be
used as starting materials and are easy to handle. Typical

Medicinal applications of coinage metal (Cu, Ag, and Au)
complexes have been established for years, and among them
silver(I) complexes as well as silver clusters” have been known
to show antimicrobial activity. It has been said that discovering
new compounds that work against Gram-negative bacteria but
simultaneously are not toxic to humans is difficult.® Fortunately,
silver materials have been shown to exhibit low toxicity toward
human skin,* and silver(I) histidinate formulated with some
additives is a practical example.® Notably, silver(I) complexes
have been reported to show a different antimicrobial spectrum
against microorganisms compared to the activity of the ligand
itself and the hydrated silver(I) ion.!><¢ During investigation of
the structural relationship of silver(I) complexes with their !
antimicrobial activities in aqueous media we noticed that commercial sources are AgC.lO4 .and AgNO;, but use of
silver(I) complexes with hard donor atoms (ie., silver(I)—N AgCIO, requires caution, especially in organic solvents, and Fhe
and/or silver(I)—O bonds) exhibited an effective and a wide NO; anion is in many cases hard to remove Fompletely during
spectrum of antimicrobial activity,'*® " whereas silver(I) th? purlﬁcaFlc?n steps. We found that reaction of Ag,O and
thiolates were shown to have a narrower spectrum of ac1c}s containing t}.1e HOOC-C—X-C=0 X =N or 0)
antimicrobial activity.®¥ From these results we concluded moiety gave re.latlvely light-stable (ie, aqueous solutions
that the nature of the atom that coordinates to the silver(I) containing the §1lver(I) complexes are stable for a fe'w hours
center and its bonding properties (rather than the solubility, to days at aml:.nent temperature without 11ght shielding) anszi
charge, chirality, or degree of polymerization of the complexes) Water-soluble s1lv'er (I) complexes, suc161b as sﬂver'(I) aspartate,

and the ease of ligand replacement are the key factors that lead silver(I) 2-pyrrolidone-S-carboxylates,™" and silver(I) acetyl-

to a wide spectrum of antimicrobial activity. The primary

targets for inhibition of bacteria and yeasts by the silver(I) Received: September 6, 2011
complexes are proteins that function as sulfur donor ligands but Published: January 20, 2012
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glycinate.6e Addition of soft ligands, such as phosphines, to a
solution containing Ag—O bonding complexes increases the
light stability of silver(I) complexes but tends to decrease their
antimicrobial activity.lo Silver(I) thiolate complexes are more
light stable, but as described above they exhibit a narrower
spectrum of antimicrobial activity against Gram-negative
bacteria, and their characterization is difficult, especially for
silver(I) complexes with aliphatic thiolate ligands due to their
oligomeric nature.®*8*

Herein, we report the synthesis, characterization, crystal and
solution structures, and properties of novel silver(I) complexes
derived from N-acetyl-L-methionine (L-Hacmet) and N-acetyl-
pL-methionine (pL-Hacmet), ie, {[Ag(i-acmet)]}, (1) and
{[Ag,(D-acmet)(r-acmet)]}, (2), the aqueous solutions of
which are stable under ambient conditions without shade for
several weeks to months. Acetylmethionine was thought to be a
potential candidate for forming a water-soluble, light-stable, and
effective antimicrobial silver(I) complex for the following
reasons: (i) compounds containing the O=C—-N-C—-COO
partial moiety in the backbone have been found to form water-
soluble silver(I) complexes (red circle in Figure 1) ;% (i) acetyl

Figure 1. Chemical structure of N-acetyl-L-methionine and related
ligands. Yellow and red circles show the thioether and O=C-N-C—
COO partial moiety of L-Hacmet, respectively.

group substitution changes the zwitterionic nature of the
methionine to an acid and also enables the ligands to make
interunit hydrogen bonds; (iii) the interaction of the silver(I)
ion and the soft S-donor atoms of the thioether groups would
be less tight (yellow circle in Figure 1) compared with that of
Ag—S (thiolate) bonding silver(I) complexes,"" but it would
stabilize silver(I) complexes in aqueous solution; and (iv) the
ligand (L-Hacmet or pi-Hacmet) is a derivative of the amino
acid methionine, which is easily obtained from natural products
and expected to form complexes that are less toxic to human
skin. The complexes were characterized using elemental
analysis, thermogravimetric (TG) analysis, and differential
thermal analysis (DTA), FT-IR, and solution 'H, "*C{'H},
and 109Ag NMR spectroscopies, and X-ray crystallography. The
antimicrobial activities of complexes 1 and 2, as well as related
silver(I) complexes, evaluated by minimum inhibitory concen-
tration (MIC, Hg mL_l) in a water or water—suspension system
are also presented. The properties of these silver complexes,
including light stability, solubility in water, and antimicrobial
activity, are compared with those of silver(I) methioninate
{[Ag(pL-met)]}, (3), silver(I) S-methyl-L-cysteinate {[Ag(L-
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mecys)]}, (4), and silver(I) L-cysteinate {[Ag(L-Hcys)]}, (S)
(Figure 1).

B EXPERIMENTAL SECTION

Materials. The following reagent-grade chemicals were used as
received: Ag,O, dimethyl sulfoxide (DMSO), EtOH, Et,O, CHCL,,
CH,Cl,, MeOH, EtOAc, CH;CN, and acetone (Wako); N-acetyl-pL-
methionine, N-acetyl-L-methionine, L-methionine, pL-methionine, S-
methyl-L-cysteine, and L-cysteine (Tokyo Kasei); 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS) (Aldrich); and D,0 (99.9 D atom
%, Isotec).

Instrumentation/Analytical Procedures. CHN elemental anal-
yses were performed using a Perkin-Elmer PE2400 series Il CHNS/O
analyzer. Thermogravimetric (TG) and differential thermal analyses
(DTA) were performed under air with a temperature ramp of 4 °C
min~" using a Rigaku Thermo Plus 2 TG 8120 instrument between 30
and 500 °C. Infrared spectra were recorded on a JASCO FT-IR 4100
spectrometer in KBr disks at room temperature. 'H, *C{'H}, and
1Ag NMR spectra in solution were recorded at ambient temperature
on a JEOL EX-400 NMR or a JEOL ECP500 NMR spectrometer. 'H
and *C{'H} NMR spectra of the complexes were measured in a D,0
solution with reference to an internal DSS. The signals of the two
methyl groups and the carbonyl in the acetyl and carboxylate moieties
in the 'H and ®C NMR spectra were assigned using 2D NMR,
heteronuclear multiple quantum coherence (HMQC), and hetero-
nuclear multiple-bond connectivity (HMBC). '®Ag NMR spectra of
the complexes were measured in D,0 with reference to an external
standard solution consisting of saturated AgNO;—D,0 using a
substitution method. Solid-state cross-polarization magic-angle-spin-
ning (CPMAS) *C (75 MHz) NMR spectra were recorded in 6 mm
o.d. rotors on a JEOL JNM-ECP 300 FT-NMR spectrometer with a
JEOL ECP-300 NMR data processing system. These spectra were
referenced to the methyl peak of hexamethylbenzene as an external
standard (5 17.37).

X-ray Crystallography. Crystallization of 1 and 4 was carried out
by vapor diffusion of an internal aqueous solution of the silver(I)
complex with an external solvent (acetone). Water-soluble colorless
crystals of 1 and 4 suitable for single-crystal X-ray analysis were
obtained. Colorless crystals of 3 suitable for single-crystal X-ray
analysis were grown using a slow-evaporation method.

Each single crystal of the silver(I) complexes (1, 3, and 4) was
mounted on a loop and used for measurements of precise cell
constants and collection of intensity data at 90 K on a Bruker Smart
APEX CCD diffractometer. Structures were solved by direct methods,
followed by difference Fourier calculations; they were refined by full-
matrix least-squares on F* using the SHELXTL program package.'> All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were placed geometrically or shown on a difference Fourier map and
treated using a riding model. Crystal data and structure refinement of
complexes 1, 3, and 4 are summarized in Table 1. Details of the crystal
data have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication nos. CCDC 842939, 842940, and
842941 for complexes 1, 3, and 4, respectively.

Antimicrobial Activity. Antimicrobial activities were estimated
based on the minimum inhibitory concentration (MIC, ug mL™") by
adding an aqueous solution of the silver(I) complexes, as described
elsewhere. ™ Bacteria were inoculated into § mL of a liquid medium
(soybean casein digest (SCD)) and cultured for 24 h at 35 °C. Yeast
was inoculated into S mL of a liquid medium (glucose peptone (GP))
and cultured for 48 h at 30 °C. The cultured fluids were diluted,
adjusted to a concentration of 10°~10” mL™, and used for inoculation
in the MIC test. As for the mold culture, the agar slant (potato
dextrose (PD) agar medium), for 1-week cultivation at 27 °C, was
gently washed with saline containing 0.05% Tween 80. The spore
suspension obtained was adjusted to a concentration of 10® mL™! and
used for inoculation in the MIC test. The test materials were dissolved
(silver complexes 1—4 and the “free” ligands) or suspended (complex
5) in water. Such solutions were then diluted with an SCD medium for
bacteria and with a GP medium for yeast and mold. Using these 2-fold-
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Table 1. Summary of Crystal Data and Structure Refinement
Parameters for Crystals 1, 3, and 4°

{[Ag(x- {[Ag,(p-met)(r- {[Ag(r-
scme)l), (1) me)[6H,0, (3)  mecys)]), (4)
empirical C,H;,NO;SAg CioH3,N,0405,Ag,  C,HgNO,SAg
formula
fw 298.12 620.24 242.04
cryst syst monoclinic monoclinic orthorhombic
space group C2 (No. §) P2,/c (No. 14) P212)12l (No.
19
a/A 16.124(5) 12.3891(9) 5.0463(4)
b/A 4.7856(14) 7.3815(5) 5.6304(5)
c/A 15.443(5) 11.7052(9) 23.2902(19)
a/deg 90 90 90
p/deg 117.911(9) 97.2720(10) 90
y/deg 90 90 90
V/A3 1053.0(6) 1061.83(13) 661.74(10)
Diyea/g-cni™ 1.88 1.94 2430
VA 4 4 4
/J/mm_l 2.088 2.088 3.281
T/K 90 90 90
no. of total reflns 4188 8112 4923
no. of unique 2463 2631 1641
reflns
no. of 2342 2531 1638
observations (I
> 20(I))
Ry 0.0332 0.0214 0.0235
R, 0.0361 0.0175 0.0190
wR, 0.0990 0.0456 0.0446
GOF 1.069 1.102 1.227

“R, = Z{IF,| — IFJ}/ZIF,l. wR, = [Zw(IF,| — IF1)*/ZwF "% GOF =
[Zw(IF,| — IF1)?/(m — n)]Y* where m = no. of reflections, n = no. of
parameters.

diluted solutions, concentrations from 1000 to 2 pug mL™ were
prepared. Each 1 mL of a culture medium containing various
concentrations of test materials was inoculated with 0.1 mL of the
microorganism suspension prepared above. Bacteria were cultured for
24 h at 35 °C, yeast for 48 h at 30 °C, and mold for 1 week at 25 °C,
and then growth of the microorganisms was observed. When no
growth was observed in the medium containing the lowest
concentration of test materials, the MIC was defined at this point of
dilution.

Preparation of {[Ag(L-acmet)]}, (1). To a suspension of 0.348 g
(1.50 mmol) of Ag,O in 40 mL of water was added 1.15 g (6.02
mmol) of L-Hacmet. During 2 h of stirring, the black suspension
changed to a clear pale-yellow solution. Unreacted black powder
(Ag,0) was filtered off through a folded filter paper (Whatman No.
5). The clear yellow filtrate was added dropwise to 500 mL of acetone.
The white powder that formed was collected on a membrane filter (JG
0.2 um), washed with acetone (50 mL X 2) and diethyl ether (100 mL
X 2), and dried in vacuo. The light-stable and thermally-stable white
powder (0.775 g, 87.6% yield) was soluble in water but insoluble in
most organic solvents. Crystallization of the obtained powder was
carried out by vapor diffusion of an internal aqueous solution of 100
mg of the powder in 10 mL of water with acetone as the external
solvent, which gave water-soluble, colorless needle crystals (59.9 mg).
The crystals obtained were characterized as below. Anal. Caled for
C,H;,NO;SAg or [Ag(i-acmet)] as a monomer unit: C, 28.20; H,
4.06; N, 4.70. Found: C, 28.30; H, 4.29; N, 4.74. TG/DTA data: no
weight loss was observed before the decomposition temperature.
Decomposition began at around 192 °C with an endothermic peak at
211 °C. Prominent IR bands in the 1800—400 cm™" region (KBr disk):
1635 vs, 1592 vs, 1442 m, 1399 5, 681 m, 599 m, 549 m ecm™". 'H
NMR (D,0, 17.1 °C): § 2.03 (CHj in acetyl group, s, 3H), 2.06—2.11
and 2.23-2.25 (CH,CH, two multiplets, 2H), 2.43 (CH,S, s, 3H),
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2.82 (CH,S, t, 2H), 4.32 (CH, double doublet, IH) ppm. *C NMR
(D,0, 25.7 °C): 6 20.62 (SCHj), 24.62 (CHj in acetyl group), 34.78
and 3540 (two CH,), 56.57 (CH), 176.37 (C=0 in acetyl group),
180.50 (COO) ppm. '®Ag NMR (D,0, 19.7 °C, pH 5): § 352 ppm.
No color change was observed for about 1 month in the solid state nor
in an aqueous solution. Solubility in water at room temperature was
approximately 50 mg mL™". Even when 4 equiv of L-Hacmet were
added to Ag,O in the reaction mixture instead of 2 equiv, the same
silver(I) complex 1 was isolated by adding acetone (confirmed by IR,
'H and C NMR, and elemental analysis data). However, the reaction
mixture using 4 equiv of L-Hacmet showed different signals in the
1%Ag NMR spectrum (538 ppm, pH 3.0) and was more light stable.
The filtrate of the reaction mixture was also more light stable, and the
color did not change for several months.

Preparation of {[Ag,(p-acmet)(.-acmet)]}, (2). An achiral
silver(I) complex, 2, was obtained in a similar manner using 4 equiv
of pL-Hacmet instead of L-Hacmet. Anal. Calcd for C,H,,N,04S,Ag,
or [Ag,(p-acmet)(1-acmet)] as a monomer unit: C, 28.20; H, 4.06; N,
4.70. Found: C, 28.29; H, 3.80; N, 4.74. TG/DTA data: no weight loss
was observed before the decomposition temperature. Decomposition
began at around 183 °C with an endothermic peak at 201 °C.
Prominent IR bands in the 1800—400 cm ' region (KBr disk): 1637
vs, 1589 vs, 1119 vs, 1043 vs, 966 vs cm™". '"H NMR (D,0, 23.1 °C): §
2.02 (CHj in acetyl group, s, 3H), 2.02—2.09 and 2.16—2.23 (CH,CH,
two multiplets, 2H), 2.42 (CH,S, s, 3H), 2.83 (CH,S, t, 2H), 4.32
(CH, dd, 1H) ppm. *C NMR (D,0, 25.5 °C): § 20.46 (SCH;), 24.66
(CH; in acetyl group), 34.83 and 35.14 (two CH,), 56.62 (CH),
176.43 (C=O0 in acetyl group), 180.62 (COO) ppm. 'Ag NMR
(D,0, 22.0 °C, pH S5): 6 356 ppm. Solubility in water at room
temperature was approximately 20 mg mL™", which is about one-half of
that of 1. No color change was observed for about 1 month in the solid
state nor in an aqueous solution.

Preparation of {[Ag,(p-met)(L-met)]}, (3). To a suspension of
0.580 g (2.50 mmol) of Ag,O in 100 mL of water was added 0.74S g
(5.00 mmol) of p.-Hmet. During 2 h of stirring, the black suspension
changed to a clear solution. The unreacted black powder of Ag,O was
filtered off through a folded filter paper (Whatman No. S). The clear
filtrate was added dropwise to 1 L of ethanol, and the resulting mixture
was allowed to stand for 1 day. The white powder formed was
collected on a membrane filter (JG 0.2 um), washed with ethanol (50
mL X 2) and diethyl ether (100 mL X 2), and dried in vacuo. The
light-stable and thermally-stable white powder obtained in 1.15 g
(89.8%) yield was soluble in water but insoluble in most organic
solvents. The powder (0.300 g) was dissolved in 2.5 mL of warm
water. Colorless granular crystals were grown in 1 day while standing
at room temperature (0.215 g). Although the powder was soluble in
water, the crystals were sparingly soluble in water and insoluble in
common organic solvents. The water-soluble powder and crystals
obtained were characterized as below. Anal. Calcd for
C1oH,0N,0,S,Ag, or [Ag,(D-met)(L-met)] as a monomer unit: C,
2345; H, 3.94; N, 5.47. Found: C, 23.41; H, 3.59; N, 5.46. TG/DTA
data: no weight loss was observed before the decomposition
temperature. Decomposition began at around 148 °C with an
endothermic peak at 166 °C. Prominent IR bands in the 1800—400
cm ! region (KBr disk): 1577 vs, 1442 s, 1427 s, 1404 s, 1326 m, 1305
s, 1275 m, 1254 m, 1032 m, 961 m, 620 m cm™*. '"H NMR (D,0, 22.8
°C): § 2.04—2.17 (CH,CH, two multiplets, 2H), 2.45 (CH,S, s, 3H),
2.90 (CH,S, t, 2H), 3.58 (CH, t, 1H) ppm. *C NMR (D,0, 25.1 °C):
520.36 (SCH;), 34.98 (CH,), 58.78 (CH), 182.25 (COO) ppm. '®Ag
NMR (D,0, 25.5 °C, 0.08 M): 5 494 ppm. The color of the powder
gradually changed to brown in a few days and that of the aqueous
solution in a few hours. A chiral silver(I) complex {[Ag(L-met)]}, was
also obtained in a similar manner using 2 equiv of L-Hmet instead of
pL-Hmet; however, characterization was too difficult to perform
because of its hygroscopic nature. Crystals of complex 3 suitable for X-
ray crystallography contained 6 hydrated water molecules.

Preparation of {[Ag(L.-mecys)1}, (4). A chiral silver(I) complex, 4,
was obtained in a manner similar to preparation of complex 3 using 2
equiv of L-Hmecys instead of L-Hmet. Crystallization was also carried
out by vapor diffusion of an internal aqueous solution of 100 mg of the
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Scheme 1. Synthetic Scheme of Silver(I) Complexes 1—5

4 L-Hacmet reprecipitation with acetone

{[AgL-acmet)]}, (1)

-~

4 DL-Hacmet reprecipitation with acetone

87.6% yield

Ag,0/H,0 <

2 DL-Hmet  reprecipitation with ethanol

{[Ag(DL-acmet)]}, (2)
78.6% vield

{{Ag(DL-met)]},  (3)

2 L-Hmecys reprecipitation with acetone

89.8% yield

{[AgL-mecys)]}, (4)

\j

70.8% yield

{ [Agy(R-Hpyrrld)- 2 L-Hcys - filration and washings > (A Hoys)]l  (5)
(S-Hpyrrld)]},/ H,O 92.3% yield
Table 2. Selected Distances (Angstroms) and Angles (degrees) of Crystals 1, 3, and 4“
{[Ag(r-acmet)]}, (1) {[Ag,(p-met)(t-met)]-6H,0}, (3) {[Ag(L-mecys)1}, (4)

Agl-S1 2.4969(13) Agl-S1 2.3953(4) Agl—S1 2.8436(7)
Agl-Sl 2.9940(14) Agl-oO1 2.4530(11) Agl-O1' 2.590(2)
Agl-01* 2.345(3) Agl—02" 2.5848(11) Agl-02* 2.188(2)
Agl—-02% 2209(4) Agl N1 2.2408(13) Agl-N1 2212(2)
Agl—Agl®™ 2.8987(9)
N1-03" 2.909(6) N1-01* 2.8982(17)

02-04 2.6958(16)

03-04 2.7877(18)

04-05 2.8795(19)
Oli-Agl-SI! 92.90(9) O1"-Agl—-S1 123.38(3) 02%-Agl-N1 171.80(8)
02i-Agl1-S1f 69.96(11) 02"i-Agl-S1 107.71(3) 02%-Agl-Ol 94.42(7)
O1'-Agl—02% 131.29(14) O1%-Agl—02" 100.72(4) N1-Agl-Ol' 86.95(8)
02i-Agl-S1 135.70(11) N1"-Agl-S1 152.64(4) 02%-Agl-S1 108.75(6)
Agl"—Agl-S1 120.29(3) NI1"-Agl-01% 70.42(4) N1-Agl-S1 78.85(6)
Agl"—Agl-O1* 73.94(9) N1%-Agl—02" 90.66(4)
Agl"—Agl—02% 81.47(10)
Agl-S1-Ag" 121.01(5)

“Syrnrnetryoperationsi:x,1+y,z;ii=0.5+x,0.5+y,z;iii=0.5—x,0.5+y,1—z;iv=1—x,y,1—z;vi=x,—1 +yzvi=l—x1—-y2—-z
viii =%, 0.5 — 5,05 +z;ix=1—-%05+y, 15—z X=-1+x1+y,z

powder in 10 mL of water with acetone as the external solvent, which
gave water-soluble, colorless, granular crystals after standing at room
temperature for a few days (yield 70 mg). Anal. Calcd for
C,HgNO,SAg or [Ag(L-mecys)] as a monomer unit: C, 19.85; H,
3.33; N, 5.79. Found: C, 19.80; H, 2.90; N, 5.79. Decomposition
began at around 112 °C with an endothermic peak at 144 °C.
Prominent IR bands in the 1800—400 cm™" region (KBr disk): 1585
vs, 1398 s, 1357 m e . 'TH NMR (D,0, 23.5 °C): § 2.46 (CH;S, s,
3H), 3.08 and 3.23 (CH,S, two multiplets, 2H), 3.73 (CH, dd 1H)
ppm. *C NMR (D,0, 25.3 °C): § 20.86 (SCH,), 43.14 (CH,), 56.80
(CH), 180.72 (COO) ppm. '®Ag NMR (D,0, 25.5 °C, 0.08 M): &
549 ppm. The color of the powder and aqueous solution changed to
brown in a few days.

Preparation of {[Ag(L-Hcys)l}, (5). To a colorless solution of
0.472 g (1.00 mmol) of silver(I) RS-2-pyrrolidone-S-carboxylates
({{Ag,(R-Hpyrrld)(S-Hpyrrld)]},, Hypyrrld = pyrrolidone-S-carbox-
ylic acid)®® in 40 mL of water was added a colorless solution
containing 0.242 g (2.00 mmol) of L-cysteine (L-H,cys) in 40 mL of
water. The solution was vigorously stirred overnight to form a
suspension. The white powder that formed was collected on a
membrane filter (JG 0.2 ym), washed with water (50 mL X 2),
acetone (SO0 mL X 2), and diethyl ether (100 mL X 2), and dried in
vacuo. The light-stable and thermally-stable white powder (0.421 g,
92.3% yield) was insoluble in water and most organic solvents. Anal.
Caled for C;HNO,SAg or [Ag(i-Hcys)] as a monomer unit: C,
15.80; H, 2.65; N, 6.14. Found: C, 15.69; H, 2.37; N, 6.00. TG/DTA

1643

data: no weight loss was observed before the decomposition
temperature. Decomposition began at around 118 °C with an
endothermic peak at 215 °C. Prominent IR bands in the 1800—400
cm ! region (KBr disk): 1677 s, 1620 s, 1565 vs, 1485 s, 1390 vs, 1351
m cm . Solid ®C CP MAS NMR: § 37.34 (SCH,), 59.66 (CH),
171.84 (COO) ppm. The color of the white powder gradually changed
to yellow in about 1 week.

B RESULTS AND DISCUSSION

Preparation and Properties of {[Ag(L-acmet)]}, (1),
{[Ag,(p-acmet)(.-acmet)]}, (2), and Other Related Silver-
(I) Complexes. Water-soluble powder and crystals of silver(I)
acetylmethioninates 1 and 2 were obtained from reaction of
Ag,0 and acetylmethionines (L-Hacmet or pr-Hacmet) in
molar ratios of Ag,O:Hacmet = 1:2 and 1:4 in water at ambient
temperature (Scheme 1). The obtained solids were charac-
terized by FT-IR, TG/DTA, NMR, CHN analysis, and X-ray
crystallography, confirming that the isolated materials contain
Ag and acmet” in a 1:1 ratio in the solid state and in both
reaction mixtures. Black particles of Ag,O disappeared more
quickly when higher equivalents of acetylmethionine were
employed.

Water-soluble powder and crystals of silver(I) pL-methioni-
nate 3 and silver(I) S-methyl-L-cysteinate 4 were also prepared
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from reactions of Ag,O with pL-Hmet and r-Hmecys,
respectively. The synthetic conditions used here gave neutral
silver(I) methioninate 3 but not the anionic complex reported
preViously.13 The light stability and water solubility of silver(I)
acetylmethioninates 1 and 2 in the solid state and in aqueous
solution are more remarkable than those of silver(I)
methioninate (3), silver(I) S-methyl-L-cysteinate (4), and
silver(I) L-cysteinate (S). Properties such as the solubility in
water of 1 and 2 are slightly different depending on whether
chiral or achiral ligands were used. Complex § is insoluble in
most solvents. Judging from elemental analysis, {[Ag,(R-
Hpyrrld)(S-Hpyrrld) ]}, as a silver(I) source for preparation
of § was superior to AgNOj3, because the former formed pure
polymeric silver(I) cysteinate.'* In the FT-IR spectrum of §,
disappearance of the 2552 cm™ band of vgy in L-H,cys and an
absorption shift of the vc_q band from 1608 to 1677 cm™*
were observed. The signal shift of the methine carbon in the
BBC CP MAS spectrum also suggests that the metal ion of § is
coordinated by sulfur and nitrogen atoms, so Ag—S (thiolate)
bridging coordination may be a cause for the low solubility.
These results support our hypothesis of ligand selection for
light-stable and water-soluble silver(I) complexes.

Crystal and Molecular Structures of 1, 3 and 4. Crystal
data are summarized in Table 1, and selected bond distances
and angles with their estimated standard deviations are listed in
Table 2.

Structure of {[Ag(t.-acmet)]}, (1). The molecular structure of
1 with atom-numbering scheme is depicted in Figure 2a. Agl is
surrounded by two O (O1" and 02¥) and two S atoms (S1 and
S1%) in a distorted tetrahedral coordination geometry belonging

Figure 2. (a) Local structure of {[Ag(r-acmet)]}, (1) with S0%
probability thermal ellipsoids, and (b) 3D polymeric structure of
crystal 1 viewed along the b axis in which hydrogen atoms are omitted
for clarity. Symmetry operations: i = x, 1 +y, z; ii = 0.5 + x, 0.5 + y, z;
iii=05—x%05+yl-ziv=1—xyl—-zv=1—x-1+y1—
zvi=x —1+yz
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to four separate L-acmet™ ligands. A short distance between Agl
and Agl" (symmetry operation iv=1 — x, y, 1 — z) (2.8987(9)
A), indicating argentophilic interaction, is also observed in
complex 1."° The two close silver(I) atoms are bridged by two
carboxylato-O,0’ groups of acmet™ ligands to create a syn—syn-
type Ag,O, moiety. Two thioether S atoms bridge the Ag,O,
moieties, and the S1, Agl, Agl", S1", Agl’, and Ag" (symmetry
operationsv=1—x, —1+y 1 —zvi=x —1+y, z) atoms
form a chairlike 6-membered ring. The rings are connected like
ladders as if two infinite linear Agl”—S1—Agl—S1' are
connected by silver(I)—silver(I) separation in the direction of
the b axis (Figure 2b). No donor atoms of the acetyl group (N1
and O3) coordinate to the silver(I) center. Instead, they form
hydrogen bonds between the acmet™ ligands.

Structure of {[Ag,(p-met)(t-met)]}, (3). The molecular
structure of 3 with atom-numbering scheme is depicted in
Figure 3. Unlike that of 1, none of Ag—Ag interaction, y-S
coordination and Ag,0, moiety was observed in the crystal
structure of complex 3. Agl is surrounded by S1, two O atoms

Figure 3. Polymeric structure of crystal {[Ag,(p-met)(L-met)]}, (3)
with 50% probability thermal ellipsoids. Symmetry operations: vii = 1
—% 1=y 2—zvii=x 05—y 0S5 +z

(O1" and 02" symmetry operations vii=1—x, 1 —y,2 — z,
viii = %, 0.5 — y, 0.5 + 2), and one N (N1"") atom in a distorted
tetrahedral coordination geometry belonging to three separate
met” ligands. Coordination of the carboxylato-O,0’ of the met™
ligands is in a syn—anti form. The N and O atoms of the &
carbon coordinate to silver(I) in a S-membered, chelated
manner. Each met™ ligand connects three Ag' atoms, leading to
infinite polymeric chains. Intermolecular hydrogen bonds were
observed between one water molecule (O4) and one
carboxylate (02), in the three hydrated water molecules (O3,
04, and 0S5) and met ligands (N1--O1™ 2.8982(17) A,
symmetry operations ix = 1 — x, 0.5 + y, 1.5 — z).

Structure of {[Ag(L.-mecys)]}, (4). The molecular structure of
4 with atom-numbering scheme is depicted in Figure 4. Agl is
surrounded by S1, two O atoms (O1' and 02, symmetry
operationsi=x, 1 +y,z; X=1+x,1+y, z) ,and a N1 atom in
a distorted tetrahedral coordination geometry belonging to
three separate mecys™ ligands. Coordination of the carboxylato-
0,0’ group of mecys™ ligands is in a syn—anti form. The N and
S atoms coordinate to silver(I) in a 5-membered, chelated
manner (Agl—N1-C2—C3-S1). Each met™ ligand connects
three Ag' atoms, leading to infinite polymeric chains.
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Figure 4. Polymeric structure of crystal {[Ag(L-mecys)]}, (4) with
50% probability thermal ellipsoids. Symmetry operations: i = x, 1 + y,
z X=1+x1+yz

Solution Behavior of Silver(l) Acetylmethioninate
Monitored by 'Ag NMR. Because of poor sensitivity,
which stems from very low gyromagnetic ratios y for '“Ag,
relatively highly concentrated samples are required for '“Ag
NMR experiments.'® Silver(I) complexes 1—4 were soluble
enough in water for '’ Ag NMR measurements.

Solutions of chiral and achiral silver(I) acetylmethioninates 1
and 2 dissolved in D,0 (0.2 M, pH ) show the same single
peak at around 380 ppm in the 'Ag NMR spectra (Figure 5a
and Sb), the value of which is larger than those of Ag—O
bonding complexes (<100 ppm) such as {[Ag,(R-Hpyrrld)(S-

(a) {[Ag(L-acmet)]}. (1)

S ————

(b) {[Aga(D-acmet)(L-acmet)]}, (2)

\

(c) (1) + 2¢q. L-Hacmet

———

(d) (2) + 2eq. DL-Hacmet

e
\m

00 800 700 800 500 400 300 200 100

-

Figure 5. 'Ag NMR spectra of solutions of silver(I) N-
acetylmethioninate (0.2 M in D,O at ambient temperature) and a
mixture containing 2 equiv of Hacmet.

Hpyrrld)]},% (48 ppm) but lower than those of water-soluble
Ag—S (thiolate) bonding complexes such as {Na[Ag(mba)]},
(Hymba = 2-mercaptobenzoic acid, 856 ppm),® {Na[Ag-
(mna)]-H,0}, (H,mna 2-mercaptonicotinic acid, 1029
ppm),® {NaH[Ag(tma)]-0.5H,0}, (Hstma = thiomalic acid,
869 ppm)® in D,0, and [HQ][Ag(pspa)] (HQ = diisopropy-
lammonium, H,pspa = 3—phenyl—2-su1fanylpr0?enoic acid, 841
ppm in DMSO and 809 ppm in MeOD)."” No significant
difference in the chemical shifts was observed for 1 and 2 under
the same conditions in the ' Ag NMR spectra regardless of the
chirality of acmet™.

Addition of free Hacmet to the solutions moved the '“Ag
NMR signals to a lower field, although no observable changes
occurred; the solution remained colorless, and no precipitation
was noted. Following addition of 2 equiv of acidic Hacmet, the
signal appeared at 565 ppm ({[Ag,(p-acmet)(L-acmet)]}, (pH
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3) (Figure Sc and Sd), and thus, the chemical shift became
closer to those of Ag—S (thiolate) bonding complexes, such as
silver(I) 2-mercaptonicotinate (856 ppm).” In water, the S
(thioether) and O atoms of acmet”, as well as water oxygen
atoms, coordinate to silver(I) because the coordination number
of silver(I) is often reported to be more than two.'® Fast ligand
exchange between the O atoms of acmet™ and/or water
molecules takes place in aqueous solutions of 1 and 2. Addition
of Hacmet to the NMR sample solutions of 1 and 2 increases
the concentration of thioether S atoms in the solutions. The
lower signal shift of the '’ Ag NMR spectra shows that ligand
exchange between the O atom and the S atom (thioether)
around the silver(I) atom easily takes place in water. As the
ratio of Hacmet increases, more sulfur coordination occurs,
indicating that the neutral thioether S atom can coordinate to
the silver(I) atom more strongly than the O atom, but that is
not the case for the thiolate S atom. Addition of Hacmet to
aqueous solutions of 1 and 2 causes a decrease in the pH of the
solutions, which also increases the light stability of the silver(I)
complexes in solution (see Experimental Section, complex (1)).

When the Hacmet ligand was added to an aqueous solution
of {[Ag,(R-Hpyrrld)(S-Hpyrrld)]}, the signal in the '“Ag
NMR spectrum shifted to around 400 ppm. The opposite
reaction did not occur, however. No signal shift was observed
when H,pyrrld was added to the solution of {[Ag(L-acmet)]},.
By addition of 2-mercaptobenzoic acid to the aqueous solution
of {[Ag(r-acmet)]}, the signal of 'Ag moved to 1000 ppm.
Again, the opposite reaction did not take place. These signal
shifts clearly show that the affinity of acmet™ for the Ag" atom is
between the Ag—O bond (<100 ppm) and the Ag—S (thiolate)
bond (>800 ppm). The chemical shifts of '®Ag NMR and the
ligand exchangeability of the silver(I) thioether complexes, 3
(494 ppm) and 4 (549 ppm), also show that the Ag—S
(thioether) bond is between Ag—O and Ag—S (thiolate).

Antibacterial and Antifungal Activities. The antimicro-
bial activities of complexes 1—5 together with their free ligands
and related silver(I) complexes are listed in Table 3, as
estimated by the minimum inhibitory concentration (MIC, ug
mL™"). Aqueous solutions of 1—4 were added to the test media.
A suspension of § was added to the test media because § was
insoluble in water.

The antimicrobial activities of the free ligands, ie, DL-
Hacmet, p.-Hmet, 1-Hmecys, 1-H,cys, H,pyrrld, Hmba, and
H,mna, were estimated as >1000 pg mL™" for selected bacteria,
yeast, and mold, indicating no activity. The hydrated Ag* ion
was reported to show effective activity against Gram-negative
bacteria (E. coli and P. aeruginosa), moderate activity against
Gram-positive bacteria (B. subtilis), and no activity against yeast
and mold.*" Complexes 1 and 2 with Ag—O and Ag-S
(thioether) bonds showed effective activities against Gram-
negative bacteria (E. coli and P. aeruginosa) and yeasts (C.
albicans and S. cerevisiae), moderate activities against Gram-
positive bacteria (B. subtilis and S. aureus), and modest activities
against mold (A. niger and P. citrinum). A similar wide spectrum
of activity was observed for complex 3. Complex 4 with Ag—O
and Ag—S (thioether) bonds, which has a shorter backbone
ligand compared with methionine, also exhibited effective
activities against Gram-negative bacteria (E. coli and P.
aeruginosa) and a Gram-positive bacterium (B. subtilis),
moderate activity against a Gram-positive bacterium (S. aureus),
modest activities against yeasts, and no activities against molds.
The ligand exchageability of the silver(I) thioether complexes
might be influenced by the backbone length of the ligand.
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Table 3. Antimicrobial Activities of Silver(I) Complexes 1—5%

pL-Hacmet {[Ag(v-acmet)]}, (1) {[Ag,(p-acmet)(r-acmet)]}, (2) pL-Hmet {[Ag,(p-met)(r-met)]}, (3)
Escherichia coli (ATCC8739) >1000 15.7 18.7 >1000 15.7
Bacillus subtilis (ATCC6633) >1000 62.5 62.5 >1000 62.5
Staphylococcus aureus (ATCC6538) >1000 125 62.5 >1000 62.5
Pseudomonas aeruginosa (ATCC9027) >1000 313 313 >1000 15.7
Candida albicans (ATCC9763) >1000 157 15.7 >1000 157
Saccharomyces cerevisiae (ATCC10231) >1000 313 313 >1000 15.7
Aspergillus niger (ATCC16404) >1000 125 250 >1000 125
Penicillium citrinum (NBRC6352) >1000 >1000 1000 >1000 1000
S-methyl-L-cysteine (L-Hmecys) {[Ag(r-mecys)]}, (4) L-cysteine (L-H,cys) {[Ag(r-Hcys)]}, (5)
E. coli >1000 313 >1000 >1000
B. subtilis >1000 313 >1000 >1000
S. aureus >1000 62.5 >1000
P. aeruginosa >1000 7.9 >1000
C. albicans >1000 250 >1000
S. cerevisiae >1000 500 >1000
A. niger >1000 >1000 >1000
P. citrinum >1000 >1000 >1000
{[Aga(R-Hpyrid) (S Hpyrid) ]}, {Na[Ag(mba) ]}, {Na[Ag(mna)]}, AgNO;™
E. coli 7.9 <2 12.5 6.3
B. subtilis 31.3 <2 >1000 100
S. aureus 15.7 32 >1000 >1600
P. aeruginosa 7.9 16 31.5 6.3
C. albicans 79 1000 >1000 >1600
S. cerevisiae 7.9 128 >1000 1600
A. niger 500 >1000 >1000 >1600
P. citrinum 128 >1000 >1000 >1600

ac

Free” ligand and relating silver(I) complexes evaluated by minimum inhibitory concentration (MIC; ug mL™"). Compound $ was added as a

suspension in water because it was insoluble in water. H,pyrrld = pyrrolidone-5-carboxylic acid, Hmba = 2-mercaptobenzoic acid, Hymna = 2-

mercaptonicotinic acid.

As shown in Table 3, water-soluble Ag—S (thiolate) bonding
complexes ({Na[Ag(mba)]}, and {Na[Ag(mna)]},) exhibited
effective activity against Gram-negative bacteria but only
modest or no activity against yeast and mold.**® The pattern
of antimicrobial-activity spectra of 1—3 with Ag—O and Ag—S
(thioether) bonds is similar to that of water-soluble Ag—O
bonding complexes rather than Ag—S (thiolate) complexes.
The effectiveness of 1—3 is a little weaker than Ag—O bonding
complexes. '®Ag NMR data and ligand-exchange experiments
of 3 and 4 support the fact that the ligand exchangeability of
Ag—S (thioether) of silver(I) complexes is between Ag—O and
Ag—S (thiolate). The relationship between the ligand-exchange
ability of Ag—S (thioether) of 3 and 4 as well as 1 and 2 and
antimicrobial activity supports our hypotheses that the
antimicrobial activities of silver(I) complexes depend on the
nature of the atom that coordinates to the silver(I) center and
its bonding properties and the ease of ligand replacement. The
antimicrobial activity of 4 was slightly less effective than those
of complexes 1—3 with a methionine backbone. Although the
bond distances and angles of 4 were normal, the molecular
structure of 4 may be strained compared to those of 1-3.
These results are in agreement with the fact that the ligand
exchangeability of Ag—S (thioether) of silver(I) complexes is
between Ag—O and Ag—S (thiolate), consistent with '“Ag
NMR data. Water-insoluble complex 5 showed no activities
against the selected bacteria, yeasts and molds.

B CONCLUSION

Water-soluble and remarkably light-stable silver(I) acetylme-
thioninates {[Ag(acmet)]}, (1 and 2) were prepared as powder
or crystals from Ag,O and acetylmethionine in water at ambient
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temperature. They were fully characterized by CHN elemental
analysis, IR, solution 'H, "*C, and '”Ag NMR, and TG/DTA
and compared to related complexes such as silver(I)
methioninate (3), silver(I) S-methyl-L-cysteinate (4), and
silver(I) cysteinate (5). X-ray crystallography of 1 shows that
the O and S atoms of the thioether ligand coordinate to Ag' but
not N atoms. Hydrogen bonds are formed between the acetyl
groups of the ligands. The properties of the neutral silver(I)
complexes, 1 and 2, are much different from those of silver(I)
thiolates, attributable to coordination of the O- and S-
(thioether) donor atoms to Ag". The silver(I) acetylmethioni-
nates showed effective antimicrobial activities against two
Gram-negative bacteria and two yeasts. The remarkable light
stability and water solubility and a wide spectrum of
antimicrobial activities of silver(I) complexes 1 and 2,
compared to those of related silver(I) complexes, indicate
that the thioether and a partial " OOC—C—N—-C=0 moiety,
including the acetyl group of acmet”, achieve a good balance
between stability and antimicrobial activities in silver(I)
complexes. These silver(I) acetylmethioninates are easy to
handle and would be excellent starting silver(I) materials for
synthesis of more complicated metal complexes.
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A novel intercluster compound, [{{Au(PPh;3)}4(us-O)} { {Au(PPh;3)}3(13-O)} [[o-PW1,040]-EtOH (1)
constructed between a heptakis {triphenylphosphinegold(1)} dioxonium cation and an a-Keggin
polyoxometalate (POM) is synthesized and unequivocally characterized by elemental analysis, TG/DTA,
FTIR, X-ray crystallography, solid-state CPMAS *'P NMR and solution ('H, *'P{'H}) NMR.

The heptagold(1) cluster was formed during the course of carboxylate elimination of a monomeric
phosphinegold(r) carboxylate precursor, i.e., [Au((RS)-pyrrld)(PPh;)] ((RS)-Hpyrrld = (RS)-2-pyrrolidone-
5-carboxylic acid), in the presence of the sodium salt of an a-Keggin POM, Naz[a-PW1,040]-9H,0.
Compound 1 was formed by ionic interaction between the heptagold() cluster cation and the o-Keggin
POM anion. The heptagold(1) cluster unit was formed by four inter-cationic aurophilic interactions
between the tetragold(r) cluster unit and trigold(1) cluster unit. The tetragold(1) cluster unit and trigold(1)

cluster unit contained p4-O and p3-O atoms, respectively.

Introduction

Polyoxometalates (POMs) are discrete metal oxide clusters that
are of current interest as soluble metal oxides and for their appli-
cation in catalysis, medicine, and materials science. The prep-
aration of POM-based materials is therefore an active field of
research. Some of the intriguing aspects are that a combination
of POMs with cluster cations or macrocations has resulted in the
formation of various interesting intercluster compounds, from
the viewpoints of ionic crystals, crystal growth, crystal engineer-
ing, structure, sorption properties, and so on.”*

Some intercluster compounds have been obtained by a combi-
nation of POMs with separately prepared metal cluster cations;
for example, [ALh)(PPhj,)g][(X-PW12040],za Naz[Cr3O(OOCH)6-
(H20)3][0-PW5040]- 16H>0, K5[Cr;0(00CH)6(H,0);]-
[0-SiW 15040]- 16H,0, Rb,[Cr;O(O0CH)s(H20)3][0-BW1,040]
16H,0 and Css[Cr;0(O0CH)4(H,0)3][0-CoW ,040]-7.5H,0.*

Recently, we unexpectedly found clusterization of monomeric
phosphinegold(1) [Au(PR5)]" units during the course of carboxy-
late elimination of a monomeric phosphinegold(l) carboxylate,
[Au((RS)-pyrrld)(PPh3)] ((RS)-Hpyrrld = (RS)-2-pyrrolidone-5-
carboxylic acid),’ in the presence of the free-acid form of the
a-Keggin POM, Hs[a-PW,0.40]-7H,0.° This reaction resulted
in the formation of a novel intercluster compound consisting of a
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Faculty of Science, Kanagawa University, Hiratsuka, Kanagawa
259-1293, Japan. E-mail: nomiya@kanagawa-u.ac.jp

1 Electronic supplementary information (ESI) available: Bond lengths
(A) of the Keggin polyoxoanion in 1 (Table S1). CCDC 867542 for 1.
For ESI and crystallographic data in CIF or other electronic format see
DOLI: 10.1039/c2dt30456b

tetrakis {triphenylphosphinegold(i)} oxonium  cation and an
o-Keggin POM anion, i.e., [{Au(PPh3)}4(u4-O)]3-[0L-PW12040]2.7
The formation of such an intercluster compound was strongly
dependent upon POMs with bulkiness and high-charge density.
In the tetragold(1) cluster, the bridging ps-O atom comes from
water contained in the hydrated water molecules of the POM
and/or the reaction system. In relation to the present compound,
the field of element-centered gold clusters, [E(AuL),]”" has
been extensively studied by Laguna et al.’*” and Schmidbaur
et al*7 For example, the structure of a trigold(r)oxonium
cluster, [{Au(PMe;)}3(u3-0)]" was a new structural motif for
chalcogen-centered gold clusters in that the monomeric units are
aggregated through crossed edges.¥ In the trigold(1)-sulfonium
clusters, [{Au(PR3)}3(us-S)]", the steric and electronic effects of
the PR; ligands are very similar and have the same structural
consequences that the nature of the anion may also play a
significant role: the [{Au(PPhs)}3(us-S)]" was a monomer in the
BF,~ salt, but a dimer in the PF,~ salt.3%¢

The BF4  salt of the tetragold() cluster cation, [{Au-
(PPh3)}4(14-O)](BF,), has been synthesized so far by a quite
different method, i.e., the reaction of tris{triarylphosphinegold(i)}-
oxonium tetrafluoroborate, [{Au(PR;)}3(u3-O)]BF49”’b with one
equivalent of a freshly prepared solution of the monomeric
species, [Au(PR3)|BF, (R = phenyl, o-tolyl) by the Schmid-
baur’s group.” It should be noted that tetragold(1) cluster cations
with different counterions (BF;~ vs. POM) have a different
geometry. The tetragold(r) cluster cation with a BF;~ counterion
is a regular tetrahedral structure (74 symmetry), while that with a
POM counterion is a trigonal-pyramidal structure (Cs, sym-
metry). Thus, the latter is significantly influenced by POM
anions of a larger size and higher-charge density, compared with
the BF,~ anion. Schmidbaur very recently mentions that this
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distorted structure of the tetragold(r) cluster is an unexpected sur-
prise in structural chemistry.®

As to applications, several phosphinegold(i) complexes have
become known as effective homogeneous catalysts for organic
synthesis.10 For example, [{Au(PPh3)}3(u3-O)]BF49“ has been
used as an effective catalyst for a Claisen rearrangement of
propargyl vinyl ethers,'®'" and such a complex has also been
utilized as a precursor for the synthesis of novel metal com-
plexes.'? It is conceivable that the oxonium cations, [{Au-
(PR3)}3(u3-0)]" are sources of the catalytically active
[Au(PR3)]" species which can activate both the alkyne and the
alkene functions.'%

The POM-mediated clusterization of the monomeric
phosphinegold(1) complexes provides effective synthetic routes
for novel phosphinegold(1) cluster cations by a combination of
the phosphinegold(1) carboxylate and the different POMs.
However, the clusterization mechanism of the monomeric phos-
phinegold(i) unit in the presence of the free-acid form of the
o-Keggin POM is still unclear. In this work, we have examined
the effects of the acidity of POMs on the formation of the
phosphinegold(r) cluster using the sodium salt of an a-Keggin
POM, Naz[0-PW,040]'9H,0, and found the formation of a
novel intercluster compound. Herein, we report the synthesis and
characterization of a novel intercluster compound between the
heptakis {triphenylphosphinegold(r)} dioxonium cluster cation
and the o-Keggin POM, [{{Au(PPh;3)}4(us-O)}{{Au-
(PPh3)}3(13-O)} ][0-PW 5,040 EtOH (1). This work finds that
the [{Au(PPh;)};0]" cation and the [{Au(PPh3)},0]*" dication
can be self-assembled to the [{Au(PPhs)};0,]>" trication in the
presence of the sodium salt of the [0-PW,040]>~ polyoxoanion.
This finding is even relevant to the isolobal protic species
[H;0]" and [H40]*", which also attracts current interest.'>

Results and discussion
Synthesis and compositional characterization

The intercluster compound between the heptakis{triphenyl-
phosphinegold(r)} dioxonium cluster cation and the o-Keggin
POM anion was obtained as 1 in 50.5% (0.249 g scale) yield.
Compound 1 was prepared by a reaction based on liquid-liquid
diffusion at room temperature between [Au((RS)-pyrrld)(PPhs)]
in CH,Cl, and the sodium salt of an a-Keggin POM in a mixed
EtOH-H,O solvent. Characterization was performed by CHN
elemental analysis, TG/DTA, FTIR, X-ray crystallography, solid-
state CPMAS *'P NMR and solution ('H and *'P{'H}) NMR.

The heptagold(1) cluster was directly formed during the course
of carboxylate elimination from [Au((RS)-pyrrld)(PPh;)] in the
presence of the sodium salt of an o-Keggin POM. This reaction
occurs under the reaction space/field of the POM and is signifi-
cantly influenced by POM anions of a larger size and higher-
charge density. The heptagold(i) cluster and the previously
reported tetragold(1) cluster” were formed by an a-Keggin POM
with different counter cations, i.e., sodium salt and a free-acid
form, respectively. The acidity of the POM contributes to the
clusterization of the monomeric phosphinegold(i) unit. Com-
pound 1 is an ionic crystal between the heptagold(i) cluster
cation and the POM anion, i.e., there is no direct bond between
them.

The heptagold(1) cluster containing two bridged-oxygen atoms
is a unique structure, and has never been reported before in
phosphinegold() chemistry.® The two bridged-oxygen atoms
come from the water molecules contained in the reaction system
and/or the solvated water molecules of the POM. The heptagold(r)
cluster is formed only in the presence of POM. When an anion
was exchanged from the polyoxoanion to BF,” using anion-
exchange resin, the tetragold(r) cluster was formed in solution
due to decomposition, but the heptagold(r) cluster itself was not
found. In fact, the chemical shift observed at 25.18 ppm was in
accord with the literature data of the tetragold(l) cluster cation
with the BE4~ counterion (at 25.10 ppm,’ 25.4 ppm°®), but not
with the trigold(r) cluster cation with the BF4~ counterion
(at 24.0 ppm).”” This fact suggests that the heptagold(r) cluster
can exist only in the presence of a POM in the solid-state and
even in solution (see the section on solid-state CPMAS *'P and
solution *'P{'H} NMR).

The carboxylate plays only a role of a leaving group.” Thus,
not only pyrrolidone carboxylate, but also other carboxylates
such as S-oxotetrahydrofuran-2-carboxylate and acetylglycinate
can work in the formation of phosphinegold(i) clusters in the
presence of POMs.

The solid-state FTIR spectrum of 1 showed the characteristic
vibrational bands based on the coordinating PPh; ligands. The
FTIR spectrum also showed prominent vibrational bands due to
the o-Keggin tungsto-POMs (1078, 977, 895 and 816 cm™')."
In this spectrum, the carbonyl vibrational bands at 1696 and
1632 cm™" of the anionic (RS)-pyrrld ligand in [Au((RS)-pyrrld)-
(PPh3)] disappeared, suggesting that the carboxylate ligand is
eliminated. Elimination of the carboxylate ligand was also
confirmed by 'H NMR in DMSO-ds.

Molecular structure

X-ray crystallography of 1 showed the formation of a discrete
intercluster compound between a heptakis {triphenylphosphine-
gold(1)}dioxonium cluster cation, [{{Au(PPh;3)}4(1s-O)}{{Au-
(PPh3)}5(us-O)}*", and an a-Keggin POM anion. The mole-
cular structure of 1 and the framework of the heptagold(r) cluster
cation with an atom numbering scheme are shown in Fig. 1a and
1b, respectively. The heptagold(r) cluster consists of two gold(r)
clusters, i.e., the tetragold(r) cluster with a ps-O atom and the
trigold(1) cluster with a p3-O atom (Fig. 1c). Selected bond
lengths (A) and angles (°) are given in Table 1.

As shown in Fig. 1b, the heptagold(i) cluster unit in 1 was
formed by inter-cationic aurophilic interactions (Au2—Au5
3.1028(6) A, Au3-Au6 3.0936(7) A, Aud-Au5 3.2428(6) A,
Aud—Au6 3.2732(7) A) between the tetragold(1) cluster unit and
the trigold(r) cluster unit. The tetragold(i) cluster moiety, {{Au-
(PPh3)}4(us-O)}>" had a distorted tetrahedron structure com-
posed of three intra-cationic aurophilic interactions (Aul—-Au2
3.1381(6) A, Aul-Aud 3.1790(7) A, Au2-Au3 2.9581(6) A)
and three longer edges (Aul-Au3 3.411 A, Au2-Au4 3.741 A,
Au3-Aud 3.785 A). The three intra-cationic aurophilic inter-
actions (average 3.092 A) were longer than the Au—Au distance
of metallic gold (2.88 A),'® but shorter than the sum of two
van der Waals radii for gold (3.32 A).'® One encapsulated j14-O
atom (O1) was placed within the distorted tetrahedron (Au2—-O1-Au3
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Fig. 1 (a) Molecular structure of [{{Au(PPh3)}4(14-O)} { {Au(PPh;3)}3(u3-O)} [[0-PW1,040]-EtOH (1), (b) the partial structure around the heptagold(1)
cluster in 1 and (c) the tetragold(r) cluster unit and the trigold(1) cluster unit in the heptagold(1) cluster.

89.2(3)°, Au2-O1-Au4 127.0(4)°, Au3—O1-Au4 128.6(3)°). In
the tetragold(1) cluster moiety, one of the phenyl groups was dis-
ordered. This tetragold(i) cluster moiety was different from the
previously reported tetragold(i) cluster.” In the present
compound, an encapsulated py-O (O1) atom in the tetragold(r)
cluster moiety was placed within the distorted tetrahedron, while
in the previous tetragold() cluster, the p4,-O atom is in the basal
plane consisting of three gold atoms. On the other hand, in the
trigold(1) cluster moiety {{Au(PPhs)}s(us-O)}", three gold(r)
atoms formed a triangular plane composed of the Au5, Au6 and
Au7 atoms (AuS-Au7 3.0456(7) A, Au6-Au7 3.0545(7) A,
Au5-Au6 3.725 A). One p3-O atom (02) was placed out-of-
plane consisting of the Au5, Au6 and Au7 atoms (Au5—-02—-Au6
133.2(5)°, Au5-02-Au7 97.4(3)°, Au6-02-Au7 96.7(4)°).
In the trigold(1) cluster cation with the BF,~ counterion, i.e.,
[{Au-(PPh3)}5(13-O)]2(BF,), reported as a dimeric form in the

soild-state,®® three gold(1) atoms were arranged in a triangle
by three aurophilic interactions (3.032(7) A, 3.034(7) A,
3.215(6) A), and one p3-O atom was placed out-of-plane
(Au—O-Au angles 99(3)°, 103(3)°, 108(3)°). In the present
trigold(1) cluster moiety, one length (AuS—Au6 3.725 A) of
the triangle formed by three gold(1) atoms was longer than
that (3.215(6) A) of the trigold(1) cluster cation with the BF,~
counterion, and the present u3-O atom (O2) located closer to
the triangle plane. The trigold(1) cluster cation with the
BF,~ counterion existed as a dimeric form in the solid-state,”®
while the present trigold(i) cluster moiety with the POM
was formed as a part of the heptagold(i) cluster. Therefore,
the structure of the trigold(1) cluster moiety is essentially
different.

The molecular structure of the o-Keggin POM anion,
[0-PW,040]°~ as a counterion in 1, was identical with that of
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Table 1 Selected bond lengths (A) and angles (°) around the
heptagold(r) cluster in 1
Lengths
Au(1)-0(1) 2.054(7) Au(5)-0(2) 2.013(8)
Au(2)-0(1) 2.097(7) Au(6)-0(2) 2.047(9)
Au(3)-0(1) 2.116(7) Au(7)-0(2) 2.040(8)
Au(4)-0(1) 2.084(8)

Average 2.064
Au(1)-P(1) 2.220(3) Au(5)-P(5) 2.217(3)
Au(2)-P(2) 2.230(3) Au(6)-P(6) 2.204(4)
Au(3)-P(3) 2.220(3) Au(7)-P(7) 2.219(3)
Au(4)-P4) 2.218(3)

Average 2.218
Au(1)-Au(2) 3.1381(6) Au(4)-Au(5) 3.2428(6)
Au(1)-Au(4) 3.1790(7) Au(4)-Au(6) 3.2732(7)
Au(2)-Au(3) 2.9581(6) Au(5)-Au(7) 3.0456(7)
Au(2)-Au(5) 3.1028(6) Au(6)-Au(7) 3.0545(7)
Au(3)-Au(6) 3.0936(7)

Average 3.1209
Angles
Au(2)-O(1)-Au(3) 89.2(3) Au(5)-0(2)-Au(6) 133.2(5)
Au(2)-0O(1)-Au(4) 127.0(4) Au(5)-0(2)-Au(7) 97.4(3)
Au(3)-O(1)-Au(4) 128.6(3) Au(6)-0(2)-Au(7) 96.7(4)

previously reported POMs.'” The W—O bond lengths of the
o-Keggin units were in the normal range (Table S17).'%!7

Solid-state CPMAS *'P and solution *'P{'"H} NMR

The solid-state CPMAS *'P NMR spectrum (Fig. 2a) of 1
showed two broad signals at —14.2 and 24.6 ppm due to the
o-Keggin POM and PPh; groups of the heptagold(i) cluster,
respectively. The peak at 24.6 ppm due to the PPhs groups is
observed as one broad signal, because all PPh; groups are in an
approximately equivalent state, but they are not fluxional in the
solid-state. The three broad signals of the tetragold(r) cluster
cation with the POM counterion (Fig. 2b) were assignable to the
heteroatom phosphorus in the o-Keggin POM anion
(—14.6 ppm) and the two unequivalent phosphorus atoms (15.3,
25.8 ppm) due to the PPhj groups in the distorted tetrahedron of
the tetragold(1) cluster cation.” The solution *'P{'H} NMR spec-
trum (Fig. 2¢) of 1 in DMSO-ds showed two sharp signals at
—14.92 and 24.46 ppm. The peak at —14.92 ppm is assignable
to the heteroatom phosphorus in the o-Keggin POM. The other
peak at 24.46 ppm is an averaged signal of PPh; groups due to
fluxional motion in the solution of the heptagold(1) cluster,
which corresponds to the solid-state broad signal at 24.6 ppm.
Probably the heptagold(i) cluster would be present in solution
only in the presence of the POM, i.e., it cannot exist without the
POM. The solution *'P{'H} NMR signal at 24.46 ppm slightly
shifted to a higher field from the single signal observed at
24.84 ppm of the tetragold(i) cluster in solution (Fig. 2d).” In
general, the >'P NMR signals of phosphinegold(1) clusters are
observed in the higher field in comparison with that of the pre-
cursor, [Au((RS)-pyrrld)(PPhs)] at 27.61 ppm in CDCl;.

(a

(b)

(c) L

(d)

J

1]1lllllllllllllll[l]llllll[[l]llllllll

40 20 0 =20 ppm

Fig. 2 Solid-state CPMAS 3p NMR spectra of (a) 1 and (b) the
tetragold(1) cluster,” and solution *'P{'H} NMR spectra in DMSO-dg
of (¢) 1 and (d) the tetragold(1) cluster.” Broad signals denoted by
asterisks in the higher field are due to spinning sidebands.

Conclusion

Pale-yellow, block crystals of novel, ionic intercluster compound,
[{{Au(PPh3)}4(1s-O)} { {Au(PPh3)} 3(u3-0)} ][0-PW12040]- EtOH
(1) were obtained in 50.5% yield by the liquid-liquid diffusion
method of a 1:7 molarratio reaction system of Nas[a-
PW,040]'9H,0 and [Au((RS)-pyrrld)(PPh3)] in CH,Cl, in a
solvent mixture of EtOH-H,O (2 : 1). The heptaphosphinegold(r)
cluster species in 1 has never been reported before in
phosphinegold(1) chemistry. The formation of 1 significantly
depends upon the POM and, in particular, the acidity of
[0-PW,040]°~ plays an important role in the clusterization of
the monomeric [Au(PPh;)]" unit; the sodium salt of the POM
provides the heptagold(1) cluster, while the free-acid form of the
POM gives the tetragold(1) cluster.” The heptagold(1) cluster unit,
composed of the tetragold(r) cluster unit and the trigold(r) cluster
unit, possessed the bridged-oxygen atoms, pyu-O and ps3-O,
respectively, which came from water molecules contained in the
reaction system and/or solvated water molecules in the POM. It
should be noted that the heptagold(i) cluster can exist only in the
presence of a POM in the solid-state and even in solution. In this
work, formation of the novel phosphinegold(i) cluster was antici-
pated by a combination of the phosphinegold(i) carboxylate
precursor and a POM with different acidity and charge density.
Research in this direction is in progress.

Experimental
Materials

The following reactants were used as received: EtOH, CH,Cl,,
Et,O (all from Wako); DMSO-d¢ (Isotec). As for the a-Keggin
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POM, Naz[0-PW,040]-9H,0 was synthesized according to the
literature® and identified by FTIR, TG/DTA and solution
3P NMR  spectroscopy. The phosphinegold(1) carboxylate,
[Au((RS)-pyrrld)(PPhs)] was synthesized according to the literature
and identified by CHN elemental analysis, FTIR, TG/DTA and
solution ("H, *C{'H} and *'P{'H}) NMR spectroscopy.

Instrumentation and analytical procedures

CHN elemental analyses were carried out with a Perkin-Elmer
2400 CHNS Elemental Analyzer I (Kanagawa University). IR
spectra were recorded on a Jasco 4100 FT-IR spectrometer in
KBr disks at room temperature. Thermogravimetric and differen-
tial thermal analyses (TG/DTA) were acquired using a Rigaku
Thermo Plus 2 series TG/DTA TG 8120 instrument.

"H NMR (500.00 MHz) and *'P{'H} NMR (202.00 MHz)
spectra in a DMSO-dg solution were recorded in 5 mm outer
diameter tubes on a JEOL JNM-ECP 500 FT-NMR spectrometer
with a JEOL ECP-500 NMR data processing system. The
"H NMR spectra were referenced to an internal standard of tetra-
methylsilane (SiMe4). The *'P{'H} NMR spectra were refer-
enced to an external standard of 25% H;PO, in H,O in a sealed
capillary. The *'P NMR data with the usual 85% H;PO, refer-
ence are shifted to +0.544 ppm from our data.

Solid-state cross-polarization magic-angle-spinning (CPMAS)
*'P NMR (121.00 MHz) spectra were recorded in 6 mm outer
diameter rotors on a JEOL JNM-ECP 300 FT-NMR spec-
trometer with a JEOL ECP-300 NMR data processing system.
This spectrum was referenced to an external standard
(NHy4),HPO, (6 1.60).

Synthesis

[{{Au(PPhy)}s(1s-0)} {{AU(PPh3)}3(13-0)} | [a-PW 1,040 EtOH
). [Au((RS)-pyrrld)(PPh;)] (0.329 g, 0.560 mmol) was dis-
solved in 40 mL of CH,Cl,. A clear solution of Nas[o-
PW1,040]'9H,0 (0.249 g, 0.080 mmol) dissolved in 60 mL of
an EtOH-H,O (2: 1, v/v) mixed solvent was slowly added along
an interior wall of a round-bottom flask containing a colorless
clear solution of the gold(1) complex. The round-bottom flask
containing two layers, i.e., the gold(1) complex solution in the
lower layer and the POM solution in the upper layer, was sealed
and left in the dark at room temperature. After 5 days, pale-
yellow, clear block crystals formed around the interface of the
two layers, which were collected on a membrane filter
(JG 0.2 um), washed with EtOH (20 mL x 2) and Et,0 (20 mL
x 2), and dried in vacuo for 2 h. Yield: 0.249 g (50.5%). The
crystalline samples were soluble in DMSO and DMF, but insolu-
ble in H,O, EtOH and Et,O. Found: C, 24.97; H, 1.39%. Calc.
for  CiogH111043PgAuW o or  [{{Au(PPhs)}4(1s-O)} { {Au-
(PPh3)} 3(“3-0)}][(X-PW12040]'EtOH: C, 2492, H, 1.81%.
TG/DTA under atmospheric conditions: a weight loss of 1.05%
due to desorption of EtOH was observed at below 213.7 °C;
calc. 0.75% for 1 EtOH molecule. IR (KBr): 1479 w, 1436 s,
1183 vw, 1101 m, 1078 s, 977 vs, 895 s, 816 vs, 742 ' s, 711 m,
689 s, 538 m, 508 s cm™'. Solid-state CPMAS °'P NMR:
5 —14.2, 24.6. *'P{'"H} NMR (24.5 °C, DMSO-d): 6 —14.92,
24.46. 'H NMR (23.6 °C, DMSO-dg): 6 1.09 (t, J = 7.1,

CH;CH,OH solvate), 3.39 (q, J = 7.0, CH;CH,OH solvate),
7.31-7.51 (m, PPhs).

X-ray crystallography

A pale-yellow, clear block crystal (0.21 x 0.20 x 0.16 mm?) was
surrounded by liquid paraffin to prevent its degradation. Data
collection was done by a Bruker SMART APEX CCD diffract-
ometer at 90 K in the range of 0.95° < 8 < 27.50°. The intensity
data were automatically collected for Lorentz and polarization
effects during integration. The structure was solved by direct
methods (program SHELXS-97)'® followed by subsequent
difference Fourier calculation and refined by a full-matrix, least-
squares procedure on F~ (program SHELXL-97)."%" Absorption
correction was performed with SADABS (empirical absorption
correction).'® The composition and formula containing the sol-
vated molecule were determined by CHN elemental analysis,
TG/DTA and 'H NMR. Solvent molecules (EtOH) in the struc-
ture were highly disordered and impossible to refine by using
conventional discrete-atom models. To resolve these issues, the
contribution of the solvent electron density was removed by
using the SQUEEZE routine in PLATON.'® In the refinement,
the restraint command ‘isor’ and ‘simu’ were employed to keep
thermal parameters reasonable. This command led to the restraint
number 5154 for the compounds.

Crystal data. C128H111Au7o43P8W127 M= 616989, monocli-
nic, space group P2(1)/n, a = 16.2752(14), b = 39.606(3), ¢ =
25.931(2) A, B =99.623(2)°, V = 16480(2) A, Z =4, D, =
2.487 Mg m=, u(Mo-Ko) = 14.683 mm™". R, = 0.0660, WR, =
0.1279 (for all data). Ry, = 0.0596, R, = 0.0496, wR, = 0.1213,
GOF = 1.049 (156 542 total reflections, 37 798 unique reflec-
tions where / > 20(/)). The maximum and minimum residual
density (+7.472 and —7.807 e A™%) holes were located at 0.74 A
from Au(6) and 0.78 A from Au(6), respectively. The Keggin
polyoxoanion consisting of 12 tungsten atoms, one phosphorus
atom, 40 oxygen atoms, and a gold(1) cluster cation consisting of
7 gold atoms, 7 phosphorus atoms, 126 carbon atoms, 105 hydro-
gen atoms and 2 bridged-oxygen atoms, per formula unit, were
identified, but the location of one solvated EtOH molecule per
formula unit was not determined as a result of disorder. CCDC
867542.7
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Characterization of nickel(n)-acylperoxo species
relevant to catalytic alkane hydroxylation by nickel
complex with mCPBA+t

Shiro Hikichi,*® Kento Hanaue,® Takako Fujimura,® Hideho Okuda,® Jun Nakazawa,®
Yoshiko Ohzu,? Chiho Kobayashi® and Munetaka Akita®

Nickel complexes with hydrotris(pyrazolyl)borate ( = Tp®) ligands catalyze alkane oxidation with organic
peroxide meta-Cl-CgHsC(=0)OOH (= mCPBA). The electronic and steric hindrance properties of Tp®
affect the catalyses. The complex with an electron-withdrawing group containing a less-hindered ligand,
that is, ToM2E" exhibits higher alcohol selectivity. Higher selectivity for secondary over tertiary alcohols
upon oxidation of methylcyclohexane indicates that the oxygen atom transfer reaction proceeds within
the coordination sphere of the nickel centers. A reaction of the catalyst precursor, dinuclear nickel(i)-
bis(u-hydroxo) complexes, with mCPBA yields the corresponding nickel(i)-acylperoxo species, as have
been characterized by spectroscopy. Thermal decomposition of the nickel(i)-acylperoxo species in CH,Cl,
yields the corresponding nickel(i)-chlorido complexes through Cl atom abstraction. Employment of the
brominated ligand increases the thermal stability of the acylperoxo species. Kinetic isotope effects
observed on decay of the nickel(n)-acylperoxo species indicate concerted O-O breaking of the nickel-
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Introduction

Selective partial oxidation of alkanes to the corresponding
alcohols is an important fundamental chemical transform-
ation." In order to achieve high alcohol selectivity, a free
radical-contributed reaction should be prevented because as
such reaction will give a mixture of alcohol and the corres-
ponding over-oxidized product (ie. ketone or aldehyde)
through the Russel termination mechanism.>* It therefore
remains important to design catalysts that provide a metal-
based oxidant showing alkane hydroxylation activity. The most
considerable metal-based oxidants are high-valent metal-oxo
(or metal-oxyl radical) species. Metal-peroxo species, LM-OO-Z
(where L denotes a metal supporting ligand, Z = none, H,
alkyl, acyl, metal), are also possible candidates for the metal-
based oxidants. Moreover, these species are promising
precursors for the metal-oxo species produced by O-O bond
activation under mild conditions.”
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bound acylperoxide and H-abstraction from the solvent molecule.

150 1011

Recently, some experimental” and theoretica investi-
gations have revealed the alkane hydroxylation potential of
active oxygen complexes of nickel. One of the interesting find-
ings is the selective hydroxylation of cyclohexane catalyzed by
nickel(n) complexes with mCPBA explored by Itoh and co-
workers.”®* In addition, Balamurugan et al. have reported
similar catalytic alkane hydroxylation by a series of nickel(i)
complexes with mCPBA.”® The correlation between the struc-
tures of the metal-supporting ligands (shown in Fig. 1) and the
catalytic activities of the resulting nickel(n) complexes has
been revealed. During the catalytic process, homolytic O-O
bond rupture of a putative nickel(u)-acylperoxo intermediate
occurs, as has been evidenced by the formation of chloro-
benzene from mCPBA. Although no reaction intermediates
have been detected in these catalytic systems, a related mono-
nuclear nickel(m)-oxygen (oxo and hydroxo) species that is
formed through the reaction of the Ni(u) precursor with
mCPBA has very recently been characterized.®

In this study, hydrotris(3,5-dialkyl-4-X-pyrazolyl)borates,
Tp">* where R = Me or iPr and X = H or Br (when X = H, H is
omitted in the abbreviation shown as Tp®%; the abbreviation
system follows that in the literature:"> see Fig. 1), have been
employed as the nickel-supporting scaffold. The advantage of
Tp™** is structural and electronic controllability.'* In particu-
lar, substituent groups on the distal fourth position of the pyr-
azolyl groups affect the electronic nature of the resulting Tp®**

This journal is © The Royal Society of Chemistry 2013
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Fig. 1

complex, although the structural environment around the
metal center is almost the same as that of the prototype com-
pound where X = H. Such electronic tuning leads to control
of the stability and reactivity of the nickel(u)-alkylperoxo
species.”® This strategy is expected to provide insight into the
catalytic alkane hydroxylation mechanism of the nickel(u)-

This journal is © The Royal Society of Chemistry 2013

Cyclohexane oxygenation by the Ni-mCPBA system and the ligands used as the support for nickel.

mCPBA system. As reported herein, we have explored the cata-
lyses of the Tp®** supported nickel(n) complexes toward cyclo-
hexane oxygenation with mCPBA. Notably, we have succeeded
in  detecting thermally unstable nickel(m)-acylperoxo
species formed by reaction of the dinuclear nickel(u)-bis-
(n-hydroxo) complexes, [(Ni"Tp™**),(-OH),] (1* where R = Me
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and 1 where R = iPr, respectively),®"*'* with mCPBA. Product
analyses and kinetic studies of the thermal decomposition
process of the nickel(n)-acylperoxo species provide insights into
the alkane hydroxylation mechanism through the O-O acti-
vation process.

Results and discussion

Correlation between catalytic activity and the nature of the
metal-supporting ligands

Prior to characterization of a putative nickel(n)-acylperoxo
intermediate, trends in cyclohexane oxygenation catalyses of
the Tp™**-supported nickel complexes were explored (Table 1).
The catalysts derived from 1%, of which the metal-supporting
ligands were the less hindered Tp™*>¥, yielded the alcohol as
the major product. The more hindered Tp™** ligand ana-
logues 1* did not exhibit such catalytic activity even in the
large excess substrate reaction. In contrast, the alkylperoxo-
nickel(1) complex [Ni"(OO¢Bu)Tp™™?] can catalyze the oxygen-
ation of cyclohexane with tert-butylhydrogenperoxide, but the
major product is cyclohexanone because the free-radical reac-
tion occurs predominantly.” As reported previously by Nam
and coworkers, a simple nickel(u) salt (an MeCN solution of
Ni(ClO4),) cannot catalyze cyclohexane oxidation with
mCPBA."> Therefore, the catalytic hydroxylation activity of
nickel emerges from employment of the appropriate ligands
controlling the generation of a metal-based oxidant. In the
case of the tris(pyridylmethyl)amine (TPA) ligand system, a
cobalt catalyst exhibits selective hydroxylation activity similar

Table 1

9

Catalytic activity of 11 for cyclohexane oxidation

O/OH+ Cfo

Cl
O
OOH

H
TpMEZ,XNiH/O\HN iTpMEZ,X

& CeHsCF3
O or
H CH,Cly
313K, Ar, 2 h.
Products®/pmol

Solvent: CgH5CF; (5 mL), amount of 1¥ = 26 pmol, Ni : mCPBA : CgHy, =
1:5:50

1 1M
2 1Br

Entry Complex AIK? TON°®

10.7 6.4 1.7 0.5
35.9 20.4 1.8 1.5

Solvent: CH,Cl, (1 mL), amount of 1% = 13 pmol, Ni: mCPBA: C¢H, =
1:50:2500

3 1M
1 1Br

227 7.0 32 46
210 4.0 53 42

“e-Caprolactone, which would form through the reaction of
cyclohexanone and mCPBA, was not obtained under the examined
reaction conditions. “A/K = yield of cyclohexanol/yield of
cyclohexanone. “ TON = (cyclohexanol + 2 x cyclohexanone)/nickel.

3348 | Dalton Trans., 2013, 42, 3346-3356

to that of the nickel catalyst.>® Moreover, a cobalt-porphyrinato
complex as well as a cobalt-perchlorate salt catalyze cyclo-
hexane hydroxylation with mCPBA.>'® In contrast, the
cobalt(i) analogues of 1X were almost inactive under the exam-
ined reaction conditions. These findings imply that the combi-
nation of a central metal ion and its supporting ligand is
dominant.

The electron-withdrawing bromine-containing Tp
ligand catalyst 1% showed a higher alcohol yield than that of
the non-brominated ligand catalyst 1 when the reaction pro-
ceeded in CF;C¢Hj; (Fig. S41). In the reaction of the mixture of
a large excess of substrate and a small amount of CH,Cl, as a
solvent for mCPBA, an extremely high A/K value (= 53) was
achieved by 1®". In this reaction condition, TON of 1°" reached
42 (theoretical maximum is 50). The less electron-withdrawing
ligand catalyst 17 exhibited somewhat a higher TON (= 46) but
a lower A/K ( = 32) (Fig. 2).

The formation of chlorobenzene (C¢HsCl) indicated that
homolytic O-O bond cleavage of a putative nickel(u)-acylperoxo
intermediate occurred in the present oxidation process.’”?
In the reactions of large excess substrate (entries 3 and 4 in
Table 1), 57 pmol of CqH;Cl formed when 1®" was used as
the catalyst precursor, while 84 pmol of CgH5Cl formed when
1" was used. The yield of C¢H5Cl seems to be correlated with
the selectivity of the oxygenated products; a small amount
of radical species such as a phenyl radical (generated by
decarboxylation of acyloxy radical) might work as a mediator
for a free-radical contributed reaction giving a ketone.

When methyleyclohexane was employed as a substrate, 1%/
mCPBA systems showed high secondary alcohol selectivity
(Table 2). In the absence of 1%, i.e. control reactions (entries 3
and 4 in Table 2), the tertiary C-H bond was oxidized selec-
tively. In the case of substituted cyclohexanes, the tertiary C-H
is sterically crowded. Therefore, the bulkiness of the oxidant
affects the product selectivity,'” and selective hydroxylation on
secondary C-H bonds results from a sterically demanding
Tp™***-supported nickel-based oxidant.

To clarify the nature of the active oxygen species, cyclo-
hexane oxidation in the presence of H,'?0O was examined.
No '®O-labeled cyclohexanol could be detected, whereas an
'80-labeled cyclohexanone was obtained (Fig. S5f). These

Me2,Br

200

Yield / umol
100

90 120
Time / min

Fig. 2 Time course of cyclohexane oxidation with mCPBA mediated by 1*
under a large excess of substrate (corresponding to entries 3 and 4 in Table 1).

This journal is © The Royal Society of Chemistry 2013

—184 —



Table 2 Catalytic methylcyclohexane oxidation by 1% with mCPBA

Cl
o] OH OH
oH (260 pumol} OH 0
a + + + + + + +
ez xn TO~LL - ez x OH 0O
(130 mmab 10N o ol %”20'2 3ol OH/ °©, 1
A (1.00 mL) ~ N
313K, Ar, 1 h. 2°.0l 2°-0ne
Products®/pmol
Entry Complex
OH H
N QO ),
OH OH o 3°-0l : 20-01” TON¢
1 11 74.7 471 61.6° 27.9 3.8 0.6 0.9 35:65 43
2 15 72.3 45.6 62.4” 29.6 3.3 0.5 0.8 34:66 42
3 None 6.1 0.9 0.9° 0 0 0 0 77:23 24
4 None® 153.6 10.4 11.5” 6.6 1.9 0.5 0.2 84:16 367

“g-Caprolactones, which would be formed through the reaction of methylcyclohexanones and mCPBA, and cyclohexanecarboxaldehyde, which
would be formed by oxidation of cyclohexanemethanol ( = 1°-ol), were not obtained under the examined reaction conditions. ” A small amount of
2-methylcyclohexanone was included. “TON = (3%-o0l + 2° -ol + 1°0l + 2 x 2°-one)/nickel. ¢ Values based on 5.2 pmol of virtual nickel catalyst.

¢ Reaction conditions: 353 K, without CH,Cl,, 2 h.

findings imply that the '®O-labeled ketone is not formed from
the corresponding alcohol by its over-oxidation, and that the
formation pathways of alcohol and ketone are different in our
Tp™**-supported nickel-mCPBA system as well as the pre-
viously reported nickel complexes with the amine-based
neutral ligands.” In addition, the oxygen atom of the alkane
hydroxylating active species of our system (i.e. nickel-oxygen
species) is not exchangeable with the oxygen atom of the water
molecule. Incorporation of the oxygen atom of H,O into cyclo-
hexanol occurs in the cyclohexane oxidation with mCPBA cata-
lyzed by iron and cobalt catalysts (porphyrinato complexes of
iron and cobalt, and Co"(ClO,),) reported by Nam and co-
151618 1n these iron and cobalt systems, high-valent
metal-oxo species are proposed as the active oxidant and their

workers.

oxo ligands are exchangeable. Such a difference between our
nickel and the other systems may be due to the reaction
mechanism and the character of the active species. Possible
explanations for our nickel system are: (i) the active oxidant
is a putative nickel-oxygen species (such as Ni'™
Ni''-0")?”%® and its oxygen atom is readily transferred to the

=0 or

substrate via hydrogen atom abstraction and the radical-
rebound mechanism, and (ii) a nickel(u)-mCPBA complex is
the active oxidant and the reaction occurs via a concerted
mechanism through concomitant O-O rupture and oxygen
atom transfer. In the iron-heme system reported by Nam and
coworkers, the extent of the "0 incorporation into the product
is varied depending on the nature of the catalysts as well as
the reaction conditions, including the choice of solvent.'®

Characterization of nickel(i)-acylperoxo species 2*

The alkane hydroxylation catalyses of 1 motivate us to charac-
terize a putative nickel-acylperoxo species that may be a key
intermediate formed during the mCPBA activation process.

This journal is © The Royal Society of Chemistry 2013

386 nm (2H; 1H + mCPBA (2 equiv))
393 nm (1H: € =250 M-lem)

Abs.

Fig. 3 UV/Vis spectra of in situ-generated 2" (formed by the reaction of the
dinuclear nickel(i) complex 11 with 2 equiv. of mCPBA) and the parent 1™in
CH,Cl, at 223 K.

Titration of the reaction of 1" with mCPBA at 223 K monitored
by UV/Vis spectra revealed that the increase in the absorption
band around 386 nm became saturated when two equivalents
of mCPBA were added to the CH,Cl, solution of the dinuclear
nickel(i)-bis(pu-hydroxo) complex 1" (Fig. 3 and Table 3). The
intensity of this band is not very high, and the spectral pattern
of this pale blue solution is clearly different from those of the
dinuclear nickel(ur)-bis(p-oxo) and mononuclear nickel(u)-
alkylperoxo complexes with TpR.”-8¢*3

An IR spectrum of this solution exhibited a peak at
1644 cm™* under low-temperature conditions, and this peak
disappeared in response to increases in the solution temp-
erature (Fig. 4). Therefore, the thermally unstable pale blue
species could be assigned as the nickel(i)-acylperoxo complex,

Dalton Trans., 2013, 42, 3346-3356 | 3349
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Table 3 UV/Vis spectral data of 2X and 2@

2Hb ZBrb Z;Hc Z;Brc
4 [nm] 386 (148) 382 (108) 386 (260) 386 (151)
(eMem™)) 633 (42) 628 (22) 654 (68) 654 (50)

“¢ values of 2* and 2" were estimated based on the concentration of
nickel in the parent hydroxo complexes 1* and 1™, while the & of 2"
was determined based on the used 28" which was isolated as a pale
blue powder by refrigeration. ”CH,CI, solution at 223 K. °Et,O
solution at 233 K.

Fig. 4 IR spectra of the CH,Cl, solutions of in situ-generated 2" (formed by
the reaction of the dinuclear nickel() complex 1" with 2 equiv. of mCPBA; top),
the parent 1" (bottom), and the sample once warmed to room temperature
(recorded at 223 K).

Table 4 IR band of vC=O0 of the acyl component?

Compound Vo—o [em™] Ref.

oM 1646 This work
2B 1661, 1643“°  This work
2™ 1643” This work
2/Br 16377 This work
[Fe™(00C(=0)CeH4Cl) (TTPPP)] 1744° 20

[Cu", (XYL-0-)(1-00C(=0)CeH,CI)** 17457 21
[Cu"(00C(=0)CeH,Cl)(Tp"™)] 1640° 22

This work?
This work?

mCPBA
mCBA

17387, 17267
17067, 1696°

“ CH,Cl, solution. Solld sample (KBr or Nujol). “ Two peaks appeared
See ESI (Fig. S61). “Measured under the same conditions for 2%
(CH,Cl, solution at 223 K) and for 2% (KBr pellet at room
temperature).

[Ni"(0OOC(=0)CeH,C1)(Tp™*?)] (2"), formed through dehydra-
tive condensation of 1 with a stoichiometric amount of
mCPBA (i.e., Ni(u)-mCPBA = 1:1)."® The vC=0 bands of free
mCPBA and mCBA are observed at 1738 and 1706 cm™*,
respectively, under the same conditions (i.e. CH,Cl, solution
at 223 K). To date, a few meta-chloroperbenzoate complexes
have been characterized, and the wavenumbers of their v©C=0
bands (observed in the solid state) are correlated to the
binding mode of the acylperoxo moieties, as summarized in
Table 4.°* As found for the structure-determined dinuclear
copper(i1) complex, the non-coordinating acyl group shows a

3350 | Dalton Trans., 2013, 42, 3346-3356
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Scheme 1 Formation of the nickel(i)-acylperoxo complexes and their thermal

decomposition products.

small blue shift of the vC=O compared to that of the free
mCPBA.** The observed vC=O peak at 1644 cm™' of 2M
suggests coordination of the acyl group to the nickel center
(see Scheme 1), and the molecular structure of 2™ is probably
similar to that of the copper(n) derivative of Tp'*™ reported by
Kitajima and coworkers.*”

The other nickel(n)-hydroxo complexes, not only the cata-
Iytically active Tp™°*®" but also the inactive Tp'*™>* derivatives,
gave the corresponding acylperoxo complexes 2%* and 2%,
respectively. As summarized in Tables 3 and 4, spectral pat-
terns of UV/Vis and wavenumbers of 1C=0 of 2®" and 2™ are
similar to those of 2. These findings indicate that the reason
for the catalytic inertness of the Tp™™"** complexes is the steric
hindrance between the substrate and the isopropyl groups
surrounding the nickel center. Three isopropyl groups on
the third position of the pyrazolyl rings in Tp™">* work as
hindered shades surrounding the nickel center, which stabil-
izes the nickel(u)-acylperoxo species. In fact, the most stable
complex 2'®" could be isolated, although the C-H hydroxylation
potential was retained, as evidenced by the intra-molecular
ligand oxygenation (vide infra). Unfortunately, our challenge to
get single crystals of 2"®" (and other ligand derivatives) has not
met with success so far.

Characterization of product complexes derived from thermal
decomposition of 2* and 2”*

The nickel(i)-acylperoxo species 2* and 2 decomposed even
at 253 K, and the resulting product nickel() complexes were
varied depending on conditions such as solvent and temp-
erature as well as R of Tp**>* (Scheme 1).

(i) Products from the Tp™*>* complexes 2*. In the case of
the CH,Cl, solution of 2* having the less hindered Tp“**,
raising the solution temperature from 223 to 253 K resulted in

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Decay of 25" observed by time-course UV/Vis spectra. [257] = 1 mM. (a)
Interval of the spectrum recording was 60 min. (b), (c) Interval of the spectrum
recording was 20 min.

changing the solution color from pale blue-green to pale
brown. The resultant pale brown solutions exhibited absorp-
tion around 480 nm attributed to the Cl-to-Ni charge transfer
band of nickel(n)-chloride complexes, [Ni"(Cl)(Tp™*™)]
(3%; see Fig. 5(a): the formed complexes 3% were characterized
by comparison to authentic samples synthesized via another
method).>® The yields of 3% were over 85% (determined by
UV/Vis) when the CH,CI, solutions of 2* were stored at 253 K
for 12 h and then slowly warmed to room temperature. As we
have reported previously, thermal decomposition of the
nickel(n)-tert-butylperoxo complexes with Tp*™* in CH,CI,
yields the corresponding chloride complexes [Ni"(Cl)(Tp™*™>¥)]
(3%) with a moderate yield (ca. 30%).”"* The formation of 3™
may proceed through abstraction of the CI atom from CH,CI,
by a putative nickel(r) species given by the Ni-O bond homoly-
sis of the alkylperoxo complexes. The yielding of 3* from the
nickel(i)-acylperoxo complexes 2* suggests the formation of a
nickel(1) species through the thermal decomposition process.
Itoh and coworkers have proposed formation of the nickel()
species after the hydroxylation of alkane in the catalytic pro-
cesses.”” In this context, we can hypothesize that nickel(r)

This journal is © The Royal Society of Chemistry 2013

species with Tp™*** are formed after the oxidation of CH,Cl,.

The formation rates of 3% (3.2 x 107 for 3" and 5.2 x 107° s7*
for 3", respectively, at 253 K) were lower than the decay rates
of the corresponding 2* (vide infra). Therefore, the conversion
from 2* to 3% might proceed by a stepwise process through the
decomposition of 2* and the following reaction of the result-
ing nickel(1) species with CH,Cl, to give 3%, although we have
not succeeded in trapping any intermediates so far.

The other products obtained in the decomposition reac-
tions in CH,Cl, were nickel(n)-meta-chlorobenzoate complexes,
[Ni"(0,CCeH,CL)(Tp™*X)] (4%), having characteristic absorp-
tion bands around 420-430 nm (see the Experimental section).
Decomposition of 2% in CH,Cl, at 273 K led to an increase in
the yield of 4% with a decrease in 3%, as shown in Fig. 5(b).
Therefore, the formation of 3* and 4* occurred competitively.

Decomposition of 2¥ in toluene yielded 4%, with yields of 4"
and 4% of 73 and 77% (determined by UV/Vis), respectively. A
possible explanation for the formation of 4* is the coupling of
the nickel() species with an acyloxy radical resulting from
homolysis of the O-O bond of 2* (see Scheme 2). Mass spectral
analyses revealed no formation of oxidized Tp™*** ligand com-
pounds in the case of products derived from either CH,Cl, or
toluene solutions. However, decomposition of 2% in CD,CI,
resulted in the oxidation of Tp™*>®". This result implies that
there are competitive reactions between the solvent and the
methyl group on Tp™>?",

(i) Ligand hydroxylation on Tp complexes 2'X. In the
case of more hindered Tp™>* systems, the solvent type did
not affect the products. UV-vis spectra of the products derived
from both CH,Cl, and Et,O solutions of 2™ exhibited peaks
around 430 nm, and these spectral patterns were the same as
those of the Tp™™™* analogues of 4%, [Ni*(0,CC¢H,Cl)(Tp'*™>¥)]
(4™). In mass spectra of the product derived from a CH,CI, sol-
ution, no peak of the chloride complexes 3™ existed, whereas
peaks consistent with the formula [4* + O] (m/z = 933) were
observed. 'H NMR spectra of the product mixture showed the
existence of 4% and another species, of which the three-fold
symmetry of the tris(pyrazolyl)borate ligand moiety was lost.
Moreover, the "H NMR spectrum derived from 2" contained a
signal at 16.5 ppm, of which the proton was exchangeable with
external D,O. These spectral features suggest the progress of
partial oxygenation of the methine portion of the isopropyl
groups of Tp™* proximal to the nickel center, and the pro-
ducts were tentatively assigned as nickel(u)-carboxylate com-
plexes with hydroxylated Tp™* ligands, [Ni"(0,CCeH,CI)-
{HB(3-Me,C(OH)-5-iPrpz)(3,5-iPr,pz),}] (5%; see Scheme 1).
Such intra-molecular ligand oxygenations have been observed
in various transition metal-active oxygen complexes such as
M,(p-0), and M-OOR, including the nickel- and cobalt-Tp'*™
complexes.” #1324 Interestingly, the selectivity for the
ligand-hydroxylated compounds 5* seems to be correlated
with the nature of X on Tp'*™*, The product ratios of 5 : 4
were 7:1 from 2™ and 1:2 from 2", respectively (determined
by '"H NMR). Although the hindered Tp'*™* complexes cannot
catalyze cyclohexane hydroxylation, the higher selectivity
toward the intra-molecular alkyl group hydroxylation on 2" is

iPr2,X
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consistent with that the alcohol selectivity of the Tp
ligand catalyst is higher than that of the non-brominated
Tp™? ligand catalyst.

Kinetics of the thermal decomposition process of 2*

In the absence of an external substrate, both 2% and 2'* decom-
posed spontaneously in accord with first-order kinetics. The
bromine-containing ligand complexes are more stable than
the parent non-brominated complex. Also, 2’®" is more stable
than 2" (Table 5). These orders illustrate how both the elec-
tronic and steric nature of the ligands affect the lifetime of the
acylperoxo species and the substrate-oxidizing activities. The
bulky alkyl groups (i.e. 3-iPr on Tp'*™*) wrap the O-O moiety
of the metal-bound acylperoxide to stabilize 2’ but hinder the
reaction with the external substrate. The smaller methyl substi-
tuents on Tp™°** are of an appropriate size to provide sub-
strates-accessible space allowing for the catalyses of 2X. As well
as the previously reported nickel(n)-alkylperoxo complexes with
Tp'P™>* '3 incorporation of the electron-withdrawing bromine
at the distal fourth position of the pyrazolyl groups in Tp®**
results in an increase in the stability of the nickel(u)-acylperoxo
species.

Interestingly, kinetic isotope effects were observed during
the decay of 2% in CH,Cl,~CD,Cl,. The observed ky/kp values
at 253 K were 2.5 for 2" and 3.2 for 2®", respectively. Interest-
ingly, the yields of the chloride complexes 3% decreased when
the deuterated solvent was used (3": 51% in CH,Cl, — 12% in
CD,Cl, at —20 °C, 3%": 36% in CH,Cl, — 7% in CD,Cl, at 0 °C).
Moreover, the decomposition of 2% in CD,Cl, led to
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Table 5 First order rate for the decomposition of 2% and 2%

-1

Rate/s
Solvent (temp.) 29 2Pr 2 2/Br
CH,CI, (273 K) 42%x107°  1.7x107° ¢ _a
CH,Cl, (253 K) 8.8x10™* 16x10* —° _a
CD,Cl, (253 K) 35%x10°%  50x10° —¢ _a
Toluene (273 K)  3.8x10™° 23x107% —¢ 9.7x107*
Et,0 (273 K) — — 2.5x107°  51x107"

“Not measured.

oxygenation of the methyl group of Tp™**®" (Fig. S91). These
findings indicate an interaction between the solvent molecule
and 2%, and hydrogen atom abstraction from the solvent may
occur concomitant with O-O bond rupture of 2*.>° The large
negative values of an activation entropy for the self-decompo-
sition of 2% in CH,CI, (Fig. S11 and Table S5t) indicate that
the reaction proceeds through an associative transition state,
and this is consistent with the interaction between the solvent
molecule and 2%. The observed KIE values are, however, not so
large even at low temperatures. Upon decomposition of 2°'
(2.0 mM) in the mixture (v/v = 1/1) of CD,Cl, and C¢H;, or
CeD1, at 273 K, the observed KIE was 1.6 (k(CD,Cl,/C¢H;,) and
k(CD,Cl,/C¢Dy,) were 5.2 x 107 57" and 3.3 x 10™* 577, respect-
ively). However, a high concentration of cyclohexane (v/v = 1/20
of CD,Cl, and CgH;, or Cg¢Dy,) led to a negligible KIE value
(decomposition rates of 2 mM of 25" at 283 K were k(CD,Cl,/
CeHy,) = 2.8 x 107% 57" and k(CD,Cl,/C¢Dy,) = 2.5 x 1072 s71).
Therefore, 2* themselves have the ability for hydrogen atom
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abstraction from an aliphatic C-H group,*® but a putative
nickel-oxygen species such as Ni'™—O or Ni"-O" resulting
from the O-O homolysis of 2X may work as a major oxidant on
catalytic cyclohexane hydroxylation (Scheme 2). Recently, the
hydrogen atom abstraction ability of the mononuclear nickel
(m)-oxo species, which is generated from the reaction of
[Ni"(OTf)(TMGjtren)]” (TMG,tren  denotes tris[2-(N-tetra-
methylguanidyl)ethylJamine) with 1 equiv. of mCPBA, has
been reported.® In the Tp***Ni systems, however, we could not
identify any intermediates during decomposition of the
nickel(i)-acylperoxo species 2* by spectroscopy (UV/Vis and
EPR), and there is no direct evidence for the contribution of
the nickel(m)-oxo and related species.>”

Conclusion

Me2,X

The nickel complexes with Tp exhibit alkane hydroxy-
lation catalyses with mCPBA oxidant. Introduction of an elec-
tron-withdrawing group (EWG) into the pyrazolyl backbone of
Tp™*** leads to an increase in alcohol selectivity. The effective-
ness of introduction of EWG into the metal supporting ligand
in the selective hydroxylation of alkanes has been demon-
strated for iron-heme compounds.®® The electrophilicity of the
active oxidant may be enhanced by an EWG-containing ligand,
and our results indicate that the common concept for the
ligand design, that is, the fine tuning of the electronic property
without changing the structure of the metal-supporting
scaffold, is applicable to non-heme catalysts. The thermal stab-
ility of the nickel(n)-mCPBA species is also enhanced by the
EWG-containing ligands Tp®*®', which might weaken the
ability for back-donation from the metal center to the o*
orbital of the peroxide moiety."**° Kinetic and product ana-
lyses of the decomposition of the nickel(ir)-mCPBA complexes
suggest that the nickel(u)-acylperoxo complex, Ni"-O0C(=0)-
Ce¢H,-meta-Cl, is an alternative oxidant. However, the hydrogen
atom abstracting potential of nickel(u)-mCPBA complexes with
Tp™*®" is not so high and the previously proposed O-O bond
cleaved species (i.e. Ni"-O" or Ni'""=0) may be a major active
oxidant for the catalytic cyclohexane oxygenation.

Experimental section
General

All manipulations were performed under argon by standard
Schlenk techniques. THF, Et,O, pentane, toluene, CH,Cl,,
MeCN were purified over a Glass Contour Solvent Dispending
System under an Ar atmosphere. CF;C¢Hs was distilled using
sodium as a drying agent and then stored under argon. meta-
Chloroperbenzoic acid (mCPBA) was washed with a KH,PO,-
NaOH buffer solution (pH 7.4) and pure water in order to
remove meta-chlorobenzoic acid. Other reagents of the highest
grade commercially available were used without further purifi-
cation. The catalyst precursors [(Ni"Tp®*X),(u-OH),] (1* (R =
Me) and 1 (R = iPr); X = H, Br) and their starting materials

This journal is © The Royal Society of Chemistry 2013

were prepared by the methods described in the litera-
ture.®*'3143% glemental analyses were performed on a Perkin-
Elmer CHNS/O Analyzer 2400II. IR measurements of KBr
pellets of solid compounds were carried out by using JASCO
FT/IR-5300 or FT/IR 4200 spectrometers. IR spectra of the
in situ-generated solution samples were recorded using a
Mettler Toledo ReactIR iC10. NMR spectra were recorded
on Bruker AC-200 (*H, 200.0 MHz) or JEOL ECA-500
(*H, 500.0 MHz) spectrometers. Chemical shifts (6) were
reported in ppm downfield from internal SiMe,. UV/Vis
spectra were recorded on JASCO V-570, V650 or Agilent 8453
spectrometers equipped with a UNISOKU CoolSpeK USP-203-A
for low-temperature measurements. Mass spectra were
measured on a JEOL JMS-700 by a field desorption (FD) ioniz-
ation method or on a JEOL JMS-T100LC by an electrospray ion-
ization (ESI) method. Gas chromatographic (GC) analyses were
carried out on a Shimadzu GC-2010 instrument with a flame
ionization detector equipped with a RESTEK Rtx-1701 (30 m,
0.25 mm ID, 0.25 pm df) capillary column. GC-MS analyses
were carried out on a Shimadzu PARVUM?2 system equipped
with a RESTEK Rtx-5MS (30 m, 0.25 mm ID, 0.25 pm df) capil-
lary column.

Catalytic cyclohexane oxidation with mCPBA

All reactions were carried out at 313 K under Ar, and the pro-
ducts were analyzed by GC and GC-MS with an internal stan-
dard. Cyclohexane (0.28 mL, 2.6 mmol) was added to a
5.2 mM CF;CgH; solution of 1¥ or 1 (5.0 mL, 26 pmol). Next,
45 mg of mCPBA (260 pmol) was added to this solution with
stirring. The reactions with large excess substrate were carried
out as follows. Due to the insolubility of the catalyst precursors
(1* and 1™) and mCPBA toward cyclohexane, a minimal
amount of CH,Cl, was used as a solvent: 1.0 mL of a 2.6 mM
CH,Cl, solution of 1* or 1™ (2.6 pmol) was added to 1.4 mL of
cyclohexane (13 mmol) under Ar. Then 45 mg of mCPBA
(260 pmol) was added.

Synthesis of the nickel(u)-mCPBA complexes

[Ni"(00C(=0)CeH,Cl)(Tp™>*")] (2®"). The synthetic pro-
cedure for the isolable Tp™™"" complex 2" is described as
a typical example. The hydroxo complex 1 (250 mg,
0.16 mmol) was dissolved in Et,O (15 mL), and the solution
was cooled at 233 K. Then 5 mL of an Et,O solution of mCPBA
(58.2 mg, 0.33 mmol) was added to the cold solution of 2",
The resulting pale blue solution was stirred for 10 min at
233 K, and the solvent was then concentrated by evaporation
while maintaining a low temperature. Refrigeration of the con-
centrated solution at 195 K yielded the pale blue powder of
2%, Almost quantitative oxygenation of Ph;P to PhyP—0 (97%
yield based on 2" analyzed by *'P NMR) in Et,O at 293 K
(7 equiv. of Ph;P was applied) indicated that the isolated blue
powder compound was a pure acylperoxo complex. UV/Vis
(Et,0 233 K): A(¢) = 386 (151), 654 nm (50); IR (KBr): v = 2586
(BH), 1637 cm™" (CO).
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The other ligand complexes 2* and 2™ could be generated
by similar procedures, and spectroscopic characterization by
UV/Vis and IR was performed without isolation.

Products analyses of the spontaneous decomposition of the
nickel(u)-mCPBA complexes

The product complexes derived from the spontaneous
decomposition of 2* and 2™ were characterized by comparison
with the UV-vis spectral data of the nickel(u)-chloride and
meta-chlorobenzoate complexes 3%, 3%, 4%, and 4'*. Except for
the previously reported chlorido complexes with Tp™<* (3"),>*
Tp'*™? (3™),"* and Tp"™>*" (3®"),"® the authentic complexes
were synthesized as follows.

[Ni"(C1)(TpMe*>P")] (3%"). THF solution (20 mL) of NaTp™*>?"
(1.00 g, 1.80 mmol) was slowly added to a methanol solution
(20 mL) of NiCl,-6H,0 (0.854 g, 3.6 mmol) over 30 min at RT.
The green solution was stirred for 30 min, and the solvent was
then evaporated. The green residue was re-dissolved in 100 mL
of CH,Cl,, and the insoluble green powder was removed by fil-
tration through a celite pad, after which a reddish filtrate was
evaporated to dryness to give a green solid. The solid was re-
dissolved in 100 mL of MeCN, and the insoluble purple
residue was removed by filtration through a celite pad to give a
bluish-green filtrate. Evaporation of the solution gave a green
solid. Crystallization from toluene gave the title complex as a
green platelet crystal (0.498 g, 0.74 mmol, 41% yield). UV/Vis
(CH,Cl,): A(¢) = 481 (360), 801 (105), 900 nm (120); IR (KBr): v =
2532 ecm™ " (BH); 'H NMR (500 MHz, CD,Cl,, r.t.): § = —13.16
(2H, BH), —8.52 (18H, Me), 3.74 ppm (18H, Me); elemental
analysis: caled (%) for CygsH,3NgBBr;CINi (3%-1/2 toluene):
C 32.96, H 3.44, N 12.47; found: C 33.48, H 3.23, N 12.65. The
molecular structure was determined by X-ray crystallography,
and the details are provided in the ESL.{

[Ni"(0,CCgH,CI)(Tp®>")] (4* and 4™). As a typical example,
the synthetic procedure for [Ni"(0,CCsH,CI)(Tp™*®")] (4®) is
described. The hydroxo complex 1*" (122 mg, 0.10 mmol) and
meta-chlorobenzoic acid (mCBA, 34.4 mg, 0.22 mmol) were dis-
solved in 10 mL of CH,Cl,. The green solution was stirred
for 30 min at ambient temperature, and the solvent was then
evaporated. The green residue was recrystallized from
slow evaporation of EtOH to give an ethanol adduct of 4",
[Ni"(0,CCeH,Cl)(Tp™*P")(C,H50H),], as green block crystals
(127 mg, 0.15 mmol, 75% yield). UV/Vis (CH,Cl,): A(e) = 421
(210), 682 (47), 843 nm (39); (toluene): A(e) = 421 (180), 685
(38), 851 nm (31); IR (KBr): v = 2544 (BH), 1591 cm™* (COO);
'H NMR (500 MHz, CD,Cl,, r.t.): § = —10.51 (1H, BH), —9.45
(9H, Me), 0.62 (9H, Me), 2.36 (6H; EtOH), 4.28 (4H; EtOH),
6.06 (1H; mCBA), 9.39 (1H; mCBA), 11.04 (1H; mCBA),
11.47 ppm (1H; mCBA); elemental analysis: caled (%) for
C6H335BBr;CINGNiO, (4%"-2EtOH): C 37.16, H 4.20, N 10.00;
found: C 37.25, H 3.98, N 10.11.

The other nickel(n)-mCBA complexes were synthesized by
the same procedure.

[Ni"(0,CCeH,C1)(TpY?)] (4™). The Tp™*> complex 4™ is syn-
thesized by the reaction of 1* (111 mg, 0.15 mmol) and mCBA
(51.6 mg, 0.33 mmol) in THF. Recrystallization from MeCN
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yielded the yellow-green solid of 4" (60.1 mg, 0.12 mmol, 40%
yield). UV/Vis (toluene): A(e) = 428 (213), 686 nm (61); IR (KBr):
v = 2514 (BH), 1591 cm ™" (COO); elemental analysis: calcd (%)
for C,,H,sNgBCINiO, (4™): C 51.67, H 5.12, N 16.43; found
C 51.20, H 4.95, N 16.47.

[Ni"(0,CCeH,CI)(Tp™*?)] (4™). The hydroxonickel complex
with Tp™™? 1™ (75.6 mg, 0.0698 mmol) and mCBA (21.8 mg,
0.139 mmol) were stirred in 15 mL of Et,O for 10 min at room
temperature. After removal of the volatiles under vacuum, the
resulting yellow-green solid of 4™ was recrystallized from
pentane (76.5 mg, 0.113 mmol, 81% yield). UV/Vis (CH,Cl,):
Me) = 429 (250), 690 (59), 854 nm (47); IR (KBr): v = 2549 cm™"
(BH); "H NMR (200 MHz, C¢Dq, 1.t.): § = —3.6 (3H, br, CH of
iPr), 0.07 (18H, s, Me of iPr), 2.61 (21H, s, Me and CH of iPr),
4.80, 9.04, 11.1, 11.5 (1H x 4, s x 4, Ph of mCBA), 75.4 ppm
(3H, s, pz-4H); MS (FD): m/z = 679 ([4™]"); elemental analysis:
caled (%) for C3,HsoNgBCINIO, (4™): C 60.08, H 7.41, N 12.36;
found: C 59.86, H 7.43, N 12.43.

[Ni"(0,CCeH,CI)(Tp™™>®"] (4. Recrystallization of the
reaction mixture of 1™ (352 mg, 0.226 mmol) and two equiv.
of mCBA (70.8 mg, 0.452 mmol) from hexane yielded the
yellow-green powder of the Tp™*P" analogue 4™ (217 mg,
0.120 mmol, 53% yield). UV/Vis (Et,0): A(e) = 416 (240),
694 nm (52); IR (KBr): v = 2578 cm™" (BH); "H NMR (200 MHz,
CeDg, I.t.): 6 = —11.1 (1H, BH), —0.75 (br, CH of iPr), 1.78 (18H,
s, Me of iPr), 2.12 (21H, br, Me and CH of iPr), 5.10, 9.10 (1H x
2, 8 x 2, Ph of mCBA), 13.1 ppm (2H, br, Ph of mCBA); MS (FD):
mlz = 917 ([4™7]); elemental analysis: caled (%) for
C;4H,,N¢BBr;CINiO, (4®): C 44.56, H 5.17, N 9.17; found:
C 44.85, H 5.40, N 8.89.

The molecular structures of an EtOH adduct of 4*" and 4™
were determined by X-ray crystallography, and the details are
provided in the ESLt
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Novel immobilized iron complex catalysts based on a 3-ketiminate ligand have been developed. Dehy-
drative condensation between 3-diketone and the ethylenediamine derivative of silane-coupling reagent
yields the silanol ester of the ligand motif which can be anchored on the silica supports through covalent
bond. The morphology of the silica supports affects the structures of active sites and catalytic activities on

alkene oxygenation with H,0,. The ordered flat surface of SBA-15 allows to immobilize the ligand with
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highly-dispersion and to form the coordinatively unsaturated iron active site. Addition of small amount
of pyrazoles improves the catalytic performance without leaching of iron.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Development of heterogeneous catalysts which mediate the
selective oxygenation of hydrocarbons with environmentally
friendly oxidant such as O, and H,0, under mild condition is an
attractive and challenging subject from the viewpoint of green
chemistry [1]. In nature, iron-containing enzymes catalyze selec-
tive hydrocarbon oxygenation under physiological mild condition.
The iron centers of these enzymes are supported by organic lig-
ands such as porphyrin in heme enzymes or amino acid residues
in non-heme enzymes [2]. From biomimetic viewpoints, various
iron complexes with organic supporting ligand (porphyrin, Schiff
base, amine, heterocyclic compounds including pyridine and so
on, amino acid derivatives, phenols, carboxylic acid derivatives,
etc.) have been explored as homogeneous oxidation catalysts so far
[3]. Some of these complexes catalyze the oxygenation of hydro-
carbons with H,0, at ambient temperature: In these systems,
iron-peroxo and/or high-valent iron-oxo species seem to be an
active intermediate(s) as well as enzymes [4]. In order to improve
catalytic efficiencies, decomposition of the catalyst by leaching of
iron, or/and transformation to inactive compounds such as dinu-
clear Fe(lll)-p.-oxo species and coordinatively saturated complex
must be avoided.

* Corresponding author. Tel.: +81 45 481 5661; fax: +81 45 413 9770.
E-mail address: hikichi@kanagawa-u.ac.jp (S. Hikichi).

1381-1169/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.molcata.2013.01.026

Immobilization of the non-heme iron complexes on an appro-
priate support would make possible to construct isolated catalytic
active sites [5]. Such immobilized catalyst might hinder the trans-
formation of the iron complex to inactive species and that result in
the elongation of catalyst lifetime. In addition, the resulting hetero-
geneous catalyst would have an advantage for recovering the used
catalyst. The most important requirement is no leaching of com-
plex and metal ions. In this context, we have been designing novel
immobilized metallocomplex catalysts based on anionic chelating
ligands which are anchored to appropriate supports through cova-
lent bond [6].

A family of -diketonates is one of the well-defined anionic
chelating ligands. Importantly, one of two carbonyl groups of the
[3-diketones (parent of 3-diketonate ligands) can be replaced by an
imino group giving the corresponding (3-ketimine compounds, and
their deprotonated form are recognized as [3-ketiminate ligands [7].
Recently, metal complexes with NNO-chelating [3-ketiminate lig-
ands, which are obtained by dehydrative condensation between
acetylacetone and ethylendiamine derivatives, are investigated
as homogeneous catalysts for coupling reaction and polymeriza-
tion [8-10]. Especially, the applicability of the NNO (3-ketiminate
complexes toward redox process containing reaction, i.e. the cross-
coupling catalysis of the Fe(Ill) complex [8] and the atom-transfer
radical polymerization catalysis of the Cu(Il) complexes [9], moti-
vate us to explore oxidation catalysis of the NNO [3-ketiminate
ligands complexes. Herein we report development of 3-ketiminate
ligand-based immobilized iron complex catalysts. Structures of
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the immobilized iron complex species and their catalytic activi-
ties toward oxygenation of cyclohexene with H,0, depend on the
morphology of silica support. In addition, base additives improve
the catalytic activity.

2. Experimental
2.1. Instruments

Atomic absorption analysis was performed on a Shimadzu AA-
6200. Elemental analysis was performed on a Perkin-Elmer CHNS/O
Analyzer 2400Il. ESI (electrospray ionization)-MS spectra were
measured on aJEOLJMS-T100LC mass spectrometer. Gas chromato-
graphic (GC) analyses were carried out on a Shimadzu GC-2010
(flame ionization detector) equipped with a RESTEK Rtx-5 capil-
lary column (length=30m, i.d.=0.25 mm, thickness=0.25 wm). IR
spectra were recorded on a JASCO FT/IR 4200 spectrometer. NMR
spectra were recorded on a JEOL ECA-500 spectrometer. UV-vis
spectra were measured on a JASCO V650 spectrometer with a PIN-
757 integrating sphere attachment for solid reflectance. Nitrogen
sorption studies were performed at liquid nitrogen temperature
(77 K) using a Micromeritics TriStar 3000. Before the adsorption
experiments, the samples were outgassed under reduced pressure
for3hat333K.

2.2. Materials and methods

All solvents (THF, toluene, CH,Cl,, MeCN) were purified over
a Glass Contour Solvent Dispending System under Ar atmosphere.
The reagents of the highest grade commercially available were used
without further purification. Merck Silica gel 60 (70-230 mesh;
BET surface area=714m2g~1; pore volume: 1.13cm3g-1) was
employed as an unmodified amorphous silica support (=Si0; ). SBA-
15 (BET surface area=578 m2 g !; pore volume =0.76 cm?® g~ 1) was
prepared according to the previously reported procedure [11].

2.3. Catalyst preparation

A linker-attached B-ketiminate ligand HL was synthesized
as follows. N-(3-trimethoxysilylpropyl)ethylenediamine (1.08g;
5.00 mmol) and one equivalent (0.500 g; 5.00 mmol) of acethylace-
tone were refluxed in toluene (100 mL) for 3.5 h. Pale yellow oil of
HL was obtained by evaporation of volatiles under reduced pres-
sure, and characterized by "H NMR. TH NMR (CDCl3): § 1.61 (m, 2H,
CH,), 3.58 (s, 3H, CH3), 4.92 (s, 1TH, C=CH).

The prepared HL (0.200 g) and SBA-15 (2.00 g) were suspended
in toluene and refluxed for 2 h. Filtration of solid and wash with
toluene then CH;,Cl, yielded pale yellow solid. Elemental analy-
sis data (C, 1.34%; H, 0.40%; N, 0.21%) indicate the loading amount
of HL was 0.08 mmol g~!. Remaining silanols on silica were end-
capped by trimethylsilyl group. A suspension of the obtained pale
yellow solid (1.92 g) and hexamethyldisilazane (10 mL, 42.5 mmol)
in toluene (30 mL) was stirred at 50 °C for 1 h. The resulting solid
was collected by filtration then washed with toluene and CH,Cl,.
Dryness under evacuation yielded 1.89 g of HL-anchored SBA-15
(SBAL). Elemental analysis data (C, 7.75%; H, 1.07%; N, 0.21%) sug-
gest the retention of L on the support.

The pale yellow colored SBAL (1.00 g) was suspended in 20 mL
of THF under Ar. A hexane solution of n-buthyllithium (0.12 mL;
0.16 mmol) was added slowly to this THF suspension at 0°C and
stirred at room temperature. After 1 h, methanol solution (20 mL) of
FeCl3 (0.02 g; 0.16 mmol) was added and stirred for 1 h. The result-
ing pale brown solid was collected by filtration and then washed
with MeOH. Dryness by evacuation yielded the desired iron catalyst
Fe/SBAL.

When amorphous silica (abbreviated as SiO5 in this paper) was
employed as the support, the corresponding catalysts were pre-
pared by same procedure. The loading amounts of L on SiO," were
controlled by applied amount of HL upon immobilization. A lower
ligand loading SiO," was prepared by the reaction of 5.0 g of SiO,
and 0.50 mmol of HL in refluxing toluene (20 mL). Whereas a higher
ligand loading SiO," was obtained by the reaction of 5.0 g of SiO,
and 3.0 mmol of HL in refluxing toluene (120 mL).

2.4. Synthesis of model compounds [Fe(L')]** and [Fe(L),]*

A ligand for model compounds, 4-[2-(ethylamino)ethylamino]-
pent-3-en-2-one (HL'), was synthesized via similar procedure for
HL. 30 mmol of N-ethylethylenediamine and equimolar of acety-
lacetone were refluxed in toluene (50 mL) for 1 h. Pale yellow oil
of HL was obtained by evaporation, and characterized by 'H NMR.
TH NMR (CDCl3): §1.03 (m, 3H, CHs), 2.63 (t, 2H, CH;), 2.85 (t, 2H,
CH5), 4.87 (s, 1H, CH). Metalation of L’ was achieved by reaction
of sodium salt of L', which was obtained by treatment of HL’ with
sodium hydride in THF, with an appropriate ratio of FeCls.

2.5. Catalytic reaction

Typical reaction procedure is as follows: In Schlenk tube, 60 mg
of catalyst (Fe/SBAL) was suspended in 5mL of MeCN. Cyclohex-
ene (0.25mL, 2.5mmol) and nitrobenzene (10 wL, 0.10 mmol; as
internal standard) was added to this suspension. All reactions were
carried under Ar and the products were analyzed by GC with an
internal standard.

3. Results and discussion
3.1. Preparation of catalysts

There are two possible procedures for anchoring the NNO 3-
ketiminate ligand on silica supports. One is namely “in situ ligand
formation” by reaction of an amine-modified silica gel with 3-
diketone [12]. Another is “grafting of pre-synthesized ligand” which
is connected to a linker unit [13]. The analogous metallocomplex
immobilized catalysts with a bidentate NO {3-ketiminate ligand
motif have been prepared by both procedures so far. We employed
the later procedure [13] in order to construct the desired NNO 3-
ketiminate ligand certainly. A silanol ester derivative of the NNO
B-ketiminate ligand (=L) was synthesized by dehydrative con-
densation of N-(3-trimethoxysilylpropyl)ethylenediamine with
acetylacetone inrefluxing toluene. The synthesized linker-attached
ligand HL was anchored on pre-dried silica gels (amorphous
silica with surface area=714m?g-! or SBA-15 with surface
area=578m2¢g-1), and remaining surface silanol moieties were
end-capped by trimethylsilyl group in order to prevent the immo-
bilization of extra metal ions on the surface of the silica (Scheme 1).
Upon amorphous silica (=Si02) was employed as the support,
amounts of anchored L were varied by changing the amount of
applied L to SiO,. The amounts and densities of anchored L on the
supports are summarized in Table 1. L might be densely located on

Table 1
Properties of ligand-immobilized support SBAL and SiO,L.

Ligand-immobilized support SBAL Si0,L? Si0,Lb
BET surface area of support/m? g~! 578 714 714
Loading of L/mmol g~! 0.08 0.11 0.63
Density of L/molecule nm~—2 0.08 0.09 0.53
Loading of Fe/mmol g~! 0.08 0.05 0.31
Ratio of L/Fe 1.0 2.2 2.0

2 Lower ligand loading SiO,".
b Higher ligand loading SiOz".
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Scheme 1. Preparation of NNO 3-ketiminate ligands and immobilization on silica gels.

the higher ligand loading SiO,". In contrast, the densities of L on
the lower ligand loading SiO," and SBAL were comparable.

Prior to loading iron(Ill) to the ligand-anchored silica, we
checked the coordination behavior of L by using model compound
L' (=4-[2-(ethylamino)ethylamino]-pent-3-en-2-one; obtained via
dehydrative condensation of N-ethylethylenediamine with acety-
lacetone, see Scheme 1). Analyses of THF solutions of the reaction
mixture of FeCl; and sodium salt of L’ (derived by treatment with
NaH prior to reaction with FeCl3) revealed that the structure of
formed complexes were influenced by the ratio of iron(Ill) to
applied L’; the observed major ion peak was assigned as [Fe(L')CI]*
upon the reaction of FeCl3 with one equiv. of NaL', whereas the
reaction with two equiv. of NaL’ gave the major peak attributed
to [Fe(L'),]* as shown in Fig. 1. These observations suggest the
density of L on the supports should be controlled in order to
construct the desired iron complex active sites on the surface of
supports. Therefore, the anchoring amount of L on the supports
kept <0.1 mmol g~ 'because sparsely loaded L would yield the iso-
lated coordinatively unsaturated [Fe(L)]%* species (which might be
afavored structure as an active site of catalyst) [ 14], whereas forma-
tion of a coordinatively saturated [Fe(L),;]* might be unavoidable
upon densely loading of L.

The resulting ligand-anchored silica gels were treated with FeCls
to give the corresponding iron-complex immobilized catalysts. The
anchored amounts of Fe and L on SBA-15 were almost same (i.e.
Fe:L=1:1 on Fe/SBAL), however, the loadings of iron on the amor-
phous silica based Fe[SiO,! were close to half of the anchored L
(Fe:L=1:2 on) in both higher and lower ligand loading catalysts
(Table 1). It should be notable that the density of L on the lower
ligand loading SiO,' was comparable with that on SBAL. The differ-
ence of loading of iron seems to be correlated with the morphology
of the silica supports; relatively flat surface on SBA-15 leads to
highly dispersed L to give a desired [Fe(L)]?* species. On the other
hand, rugged surface of the amorphous silica support might make
the situations that densely located L giving [Fe(L),]* species in
addition to iron-inaccessible L penetrating into the pores (Fig. 2).

Decreasing of the active [Fe(L)]?* sites on Fe[SiO, reduces the
catalytic efficiency (vide infra). Densely located L on the higher
ligand loading SiO, might yield [Fe(L);]* predominantly. In fact,
TON of the iron center of the higher ligand loading Fe/SiO,L was
lower than that of the lower ligand loading Fe/SiO,! (see Table 2).

3.2. Catalytic activities

Catalytic activities of the prepared iron-complex immobi-
lized catalysts toward oxygenation of cyclohexene with H,0, at

ambient temperature were examined (Table 2). In any case, an
allylic oxidized ketone was major product. The SBA-immobilized
catalyst Fe/SBAL (Entry 1) exhibited higher activity compared to the
lower ligand loading Fe/SiO," (Entry 3). Decreasing of TON on the
higher ligand loading Fe/SiO,! (Entry 4) suggests that high density

(a) FeCl; + NaL?
[Fe(L")CL(H,0)]"
£
v
c
g
E
mlms
25500646
2819
200 250 300 350 400 450

(b) FeCl; + 2NaL’

[Fe(L™)]"

Intensity

200 250 300 350 400 450

Fig. 1. Mass spectra of reaction mixture of FeCl; and 1 equiv. of NaL’ (a) and 2 equiv.
of NaL’ (b).
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Table 2
Comparison of the cyclohexane oxygenation abilities. .
OH O
H,0,
(2.5 mmol)
- Mg NgNg
25 | MeCN (5 mL)
(2.5 mmob) Ar, 298 K, 180 min. E A K
Entry Catalyst® Products®/pmol E/(A+K) TON®
E A K
1 Fe/SBAL 7.70 3.30 144 0.40 8.3
24 Fe/SBA" 17.0 35.5 109 0.12 57.1
3 Fe/Si0,'¢ 6.11 2.87 8.50 0.54 5.2
4 Fe/SiOz'-f 8.63 4.01 8.68 0.68 1.0
5 SBA! Trace 0 0 - -
6 SBA-15 Trace 0 0 - -
7 [Fe(L)]?*e,n 9.49 297 5.34 1.14 4.6
8d [Fe(L')]?*e,n 60.3 138 269 0.15 147
9 [Fe(L')]*8 Trace Trace Trace - -
104 [Fe(L'),]*& 7.70 6.02 13.6 0.42 9.6
11 FeCl3® 9.40 1.40 5.30 1.73 43
12 None 0 0 0 - -

2 Amount of catalysts: Fe/SBAL (entries 1 and 2), 60 mg; Fe/SiO,! (entries 3 and 4), 100 mg; silica-gel supports (entries 5 and 6), 60 mg; homogeneous iron compounds

(entries 7-11), 5.0 wmol of Fe.
b All reactions yields no or trace amount of cis- and trans-1,2-cyclohexanediols.
¢ TON =(cyclohexen oxide +cyclohexen-1-ol +2 x cyclohexen-1-one)/iron.
d Reaction temperature: 353 K.
¢ Lower ligand loading SiO,".
f Higher ligand loading SiO,".
& Homogeneous reaction.

h In situ generated complex by reaction of FeCl; with appropriate amount of NaL'.

of the ligand anchoring leads to increase the inactive [Fe(L), ]* sites.
The SBA-supported iron complex was stable even in the reaction
proceeded at 353 K (Entry 2), and no leaching of iron was observed
under such hard condition.

We checked the catalytic performances of the parent com-
ponents of Fe/SBAL: L-anchored SBA-15 (SBAL) as well as
non-functionalized SBA-15 did not show catalytic activities under
heterogeneous condition (Entries 5 and 6). Also, one of the model
complexes, [Fe(L'),]* which was formed by reaction of FeCl; with
two equiv. of L', was inactive (Entry 9). Even in high temperature

(a) Fe/SBA"

[Fe(L)]**| coordinatively unsaturated
(favorable)

Fe E 8/3 Fé Fe

-‘*--.\_é/ T E_ff‘g——

Fe/SiO,"
®) ? [Fe(L);j* coordinatively saturated

(unf: avorable)

Iron-inaccesible

/W\/\ 3

Fig. 2. Plausible models of the surface structures of Fe/SBA! (a) and Fe/SiO," (b).

(353 K) condition, activity of [Fe(L'),]" was low (Entry 10). There-
fore, a coordinatively saturated iron center in [Fe(L'),]* cannot
activate H,0,. In contrast, cyclohexene epoxidation occurred in
homogeneous reactions upon [Fe(L')]?* which was generated in situ
by reaction of FeCl; with one equiv. of L', or FeCl; in the absence
of L’ were used as the catalyst (Entries 7 and 11). The similar activ-
ities of the free FeCl; and the in situ generated [Fe(L')]?* might
imply the decomposition of [Fe(L')]?* via intermolecular reaction
in homogeneous condition. The catalytic activity of Fe/SBAL was
clearly different from those observed on the homogeneous systems.
Therefore, heterogenization of the complex seems to shed light on
its nature of catalysis due to the prevention of disproportionation
of [Fe(L)]%* through bimolecular reaction.

In some homogeneous iron complex catalysts system, improve-
ments of catalytic activity by addition of acid [15] or base [16] have
been reported. Therefore, we explored additive effect on Fe/[SBAL
(Table 3). When AcOH was added (Entry 1), the catalytic activity
became almost half of that found in the reaction without additive. In
contrast, the catalytic performances were improved by addition of
smallamount (1.2 equiv. of iron) of base. In case of tert-alkylamines,
the order of effectiveness seems to be correlated with the basicity
(Entries 2-4), and the role of tert-alkylamine may play as a proton
acceptor from H,0, to give OOH™species. Addition of azoles also
influenced the catalytic activity. Alkyl-substitution on azoles led
to higher activities compared to the corresponding parent azoles
[e.g. imidazole (Entry 5) vs. 1-methylimidazole (Entry 6) and pyr-
azole (Entry 7) vs. 3,5-dimethylpyrazole (Entry 8)]. Introduction
of electron-withdrawing bromine atom at fourth position of the
pyrazolyl ring of 3,5-dimethylpyrazole (Entry 9) reduced the effi-
ciency of activity improvement. Although the total TON (180 min)
of the 3,5-dimethyl-4-bromopyrazole system (Entry 9) is similar
to that observed on the non-additive reaction (Entry 10), the time
course of the reaction of these systems are clearly different as
shown in Fig. 3. In the no additive system, the substrate oxidation
stopped at 60 min. In contrast, the reaction of the 3,5-dimethyl-
4-bromopyrazole additive system continued and the total TON
reached to 165 after 24 h. In both the presence and absence of
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Table 3
Additive effect on the cyclohexane oxygenation by Fe/SBAL. .
OH (0]
H20,
(2.5 mmol)
JF
O Fe/SBAL O)O +
(2.5 mmol) additive E A K
MeCN (5 mL)
Ar, 353 K, 180 min.
Entry Additive? Products/umol E/(A+K) TONP
E A K
1 AcOH 11.6 14.2 58.1 0.17 28.7
2 Et(iPr),N 19.4 413 46.7 0.23 30.4
3 Et;N 23.0 427 103 0.16 59.0
4 DBU® 39.7 53.0 129 0.22 73.3
O
5 =/ 416 38.0 105 0.29 60.4
(\N/
6 =/ 42,0 495 112 0.26 65.7
2
7 HN—N 53.6 62.5 169 0.23 94.7
a4
8 W 57.1 66.3 192 0.22 105
Br
¢ /
9 W 29.4 31.6 97.8 0.23 53.5
10 none 17.0 355 108 0.12 57.1

2 100 equiv. of AcOH (based on Fe) were added. 1.2 equiv. of base compounds were added.

b TON =(cyclohexen oxide + cyclohexen-1-ol + 2 x cyclohexen-1-one)/iron.
¢ DBU denotes 1,8-diazabicyclo[5.4.0Jundec-7-ene.

additive, removal of catalyst (by filtration) led to termination of
the products formation. Also, the leaching of iron species was neg-
ligible because the concentration of the iron species in the solution
phase of the reaction mixture was lower than that of the detectable
limit. These observations suggest that the observed catalysis is het-
erogeneous. Therefore, the role of the additive azoles seems to
be changing the local structure of the iron center of the immo-
bilized complex by coordination. Notably, pyrazole is less basic
compared to imidazole [17], but pyrazole is more effective for activ-
ity improvement. A plausible reason for the higher efficiency of
pyrazoles compared to imidazoles is a hydrogen bonding ability
of N—H group of the metal-coordinating pyrazoles. To date, some
transition metal-dioxygen complexes are known to be stabilized
by intra-molecular hydrogen bonding between metal-binding per-
oxides (0y2~and OOH-) and the N—H moiety of the pyrazole

100

80

60

TON

40

20

00
0 60
Time / min

120 180

Fig. 3. Comparison of TON varied on the additive pyrazols.

ligand [18]. The imidazole ligand also indicates the hydrogen
bonding ability with peroxide, but interaction occurs inter-
molecularly reflecting on the difference of the arrangement of
the N—H moieties [19]. In this context, stabilization of a putative
Fe(Il[)-O0H intermediate is considerable effect of the pyrazole
additive (Fig. 4). In addition, hydrogen bonding between X—H and
the B-oxygen of M—OOH (distal oxygen atom of the hydroperoxide
ligand) is suggested to induce the heterolysis of O—O bond giving
high-valent M=O active species, whereas the hydrogen bonding
on a-oxygen (proximal oxygen of the OOH™ ligand) leads to sta-
bilize O—0 bond [20]. In our system, small extent of improvement
of epoxide selectivity upon addition of pyrazoles might suggest the

Fig. 4. A putative Fe-OOH intermediate stabilized by pyrazoles.
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increasing the contribution of an electrophilic oxidant like Fe—OOH
and Fe=0. But the allylic oxidation occurred mainly and the nature
of major active oxidant showed radical character.

4. Conclusion

We have developed novel 3-ketiminate ligand-based immobi-
lized iron complex catalysts. The precursor of the anchored ligand,
the silanol ester derivative of the NNO chelating [3-ketiminate, can
be prepared by dehydrative condensation between acetylacetone
and the ethylenediamine derivative of the silane-coupling reagent.
The surface morphology of the silica support influences the struc-
ture of the formed iron complex and catalytic performance. The
ordered flat surface of SBA-15 realizes highly-dispersed ligand
immobilization and formation of the coordinatively unsaturated
[Fe(L)]?* active site. The activity of SBA-15 based catalyst Fe/SBAL
toward alkene oxygenation with H,0, was improved by addition
of small amount of pyrazoles.

The advantage of the present system is high availability of diver-
gent active site structures by modification of the ligand precursors
(i.e. combination of carbonyl compounds and amines) and metal
sources following the same procedures. Further investigations on
screening of an optimum ligand structure as oxidation catalyst and
scopes of the present catalyst toward reactions other than oxygen-
ation have been under investigation.
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enhanced the decomposition of ClO,
to CI” in PHW.

» Iron led to the most efficient
reaction, producing Cl~ with yields
of 85-86%.

» ClO, in water after fireworks display
was successfully decomposed by this
method.
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