e
ol

%{} HOKKAIDO UNIVERSITY
N

x‘

<\

Title Host-guest chemistry between cyclodextrin and a hydrogen evolution catalyst cobaloxime
Author(s) Kato, Masaru; Kon, Keita; Hirayama, Jun; Yagi, Ichizo
Citation New_joumal of chemistry, 43(25), 10087-10092
https://doi.org/10.1039/c9nj00081]
Issue Date 2019-07-07
Doc URL http://hdl.handle.net/2115/78820
Type article (author version)

File Information

NJC_Co-CD_manuscript_MK13.pdf

°

Instructions for use

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP



https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp

NJC

CHEMISTRY

Host—guest chemistry between cyclodextrin and hydrogen
evolution catalyst of cobaloxime

Received 00th January 20xx,
Accepted 00th January 20xx

Masaru Kato,*®* Keita Kon,® Jun Hirayama® and Ichizo Yagi*"*

We report host—guest chemistry between cyclodextrins and a bisdimethylglyoximato cobalt complex, cobaloxime. The
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cobaloxime forms 1:1 host—guest assembly with B- or y-cyclodextrin but not with a-cyclodextrin. The assembly of the

cobaloxime with y-cyclodextrin enhances the photocatalytic hydrogen evolution activity of a homogeneous system that

contains an organic dye of eosin Y in a neutral agueous solution under visible-light irradiation.

Introduction

Hydrogen is an attractive substitute for fossil fuels. This
promising future fuel can be efficiently converted to electricity
using polymer electrolyte fuel cells, which will be used for
vehicles or household electricity generators..2 A promising
approach to sustainable hydrogen production is visible light-
driven water splitting. Visible light-driven water splitting
systems require highly efficient hydrogen evolution catalysts,
which are ideally prepared from earth-abundant elements.
Many synthetic hydrogen evolution catalysts have been
reported, for example, semiconductor- or molecular-based
catalysts.27 For molecular-based catalysts, hydrogen evolution
with high efficiency is still a great challenge. In contrast, natural
metalloenzymes such as hydrogenases show efficient inter-
conversion of H,/H* at their active site containing earth-
abundant metal complexes such as iron or nickel.3-10 These
enzymatic active sites are placed in cavities surrounded by
peptide residues and interactions between the active site and
the cavity contribute to maximizing the enzymatic activity
and/or stabilizing the molecular structure of the catalytic active
sites. These enzymatic active sites inspire us to mimic not only
the active site structure®1112 but also the protein environment
surrounding the active site using host—guest chemistry.13-16
Herein we report host—guest chemistry of cyclodextrins as
host molecules (CDs, Fig. 1) with a cobalt(lll) complex of two
dimethylglyoximato (Hdmg) ligands as a guest molecule (CoPysS,
Fig. 1) and visible light-driven hydrogen evolution catalyzed by
the host—guest supramolecules in water. Cobalt complexes with
diglyoximato ligands, termed cobaloximes,'’-22 have been

@ Section of Environmental Materials Science, Faculty of Environmental Earth
Science, Hokkaido University, N1IOWS5, Kita-ku, Sapporo 060-0810, Japan. E-mail:
masaru.kato@ees.hokudai.ac.jp

b-pivision of Environmental Materials Science, Graduate School of Environmental
Science, Hokkaido University, N10WS5, Kita-ku, Sapporo 060-0810, Japan

t Electronic Supplementary Information (ESI) available: the crystallographic data

(CCDC 1447123), 'H NMR spectra, time-courses of visible light-driven hydrogen

evolution and cyclic voltammograms. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

studied for basic researches on hydrogen evolution424-31 and
organic synthesis32-38 since they are easily synthesized, tolerant
to oxygen3?4! and catalytically active for photochemical or
electrochemical hydrogen evolution with low overpotentials.
On the other hand, CDs are cyclic oligosaccharides of 6-8
glucose units (denoted a-, B- and y-CD, respectively) and have a
hydrophobic cavity and hydrophilic hydroxyl rims, providing
ability to form host-guest supramolecules in water.4245> Host—
guest chemistry on CDs and molecular-based catalysts will allow
us to mimic active site environments in metalloenzymes and/or
to gain insights into relationships between the catalytic activity
of guest molecules and host—guest interactions.46-42

@) HO,  OH
—
o =
hY 8 -
HO n
-CD: n=6; d=4.7-5.3 A
B-CD: n=7; d=6.0-6.5 A
y-CD: n=8; d=7.5-8.3 A
(b) (c)
)«CI\( l e
0 "\J,""O_ -
H'O‘”iblol_“'D'H Br- \COGIH
2 gy g B
Q /ﬂ 0 g
2Nat Br Er
HMEt," S04
CoPyS EY

Fig. 1 Molecular structures of (a) cyclodextrins (CDs) with cavity
diameters, d, (b) HNEt3[Co"'CI(Hdmg),(4-pySO3)] (CoPyS) and
(c) eosin Y (EY). The cavity diameters are taken from Ref. 50,
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Fig. 2 ORTEP drawing of the molecular structure of
HNEt3[Co"'CI(Hdmg),(4-pySO3)]-CH3OH showing 50%
probability thermal ellipsoids and the atom-numbering scheme.

Results and discussion

CoPyS was synthesized in one step from the reaction of
[Co"'Cl;(Hdmg)(H2dmg)]°! with 4-pyridine sulfonic acid (4-
pySO3H)32 in methanol containing NEts; at 40°C for 2 h (yield:
42%). The presence of the anionic sulfonate group generally
increases the solubility of transition metal complexes in water
and promotes inclusion of the complexes into CDs in water.45
49,53 Actually, the anionic sulfonate group of pySOs~ makes
CoPyS soluble in water, as we expected. CoPyS was
characterized by elemental analysis, TH NMR, ESI-MS and single
crystal X-ray analysis (See ESI*).

The single crystal X-ray analysis of CoPyS provides the
structural information on CoPyS. The cobalt center has a
distorted octahedral coordination geometry with two
dimethylglyoximato ligands in an equatorial plane and with the
ligands of 4-py-SO3~and Cl-in the axial position (Fig. 2). The two
dimethylglyoximato ligands have intramolecular hydrogen
bonding [04--07, 2.480(5) A; 06--05, 2.489(5) A]. The
sulfonate group has intermolecular hydrogen bonding with the
counter cation of HNEts* [N6--03, 2.795(5) A] and a crystal
solvent of methanol [03---08, 2.824(5) A].

The inclusion behavior of CoPyS into cyclodextrins was
studied by using TH NMR. Proton NMR spectra of CoPyS in D,0
showed two distinct peaks at 7.66 and 8.20ppm in the aromatic
region. These two peaks were assigned to the ortho-protons of
pySOs~ and the meta-protons, respectively. These peaks were
shifted upon adding B-CD or y-CD into the solution (Fig. S1, ESI'),
indicating that these CDs formed inclusion complexes with
CoPyS. In contrast, the addition of a-CD showed no obvious
change in chemical shift, implying that a-CD forms no inclusion
complex with CoPyS. These results come from size matching
between CoPyS and CDs: the cavity of a-CD (the cavity diameter
d = 4.7-5.3 A) is too small to form an inclusion complex with

CoPyS (the size of the pyridine ring: approximately 4.0 A),

2| J. Name., 2012, 00, 1-3

whereas the cavities of -CD (d = 6.0-6.5 A) or y-CD (d = 7.5-8.3
A) are large enough.5°

To understand the stoichiometry of the inclusion complexes,
IH NMR spectra and ESI-MS of CoPyS were recorded in the
presence/absence of B-CD or y-CD. Proton NMR spectra of
CoPyS in D,O were recorded varying mole fractions of
[CoPyS]/([CoPyS]+[CD]) from 0 to 1. As the mole fraction
increased, pronounced up-field changes in chemical shift were
observed (Fig. S1, ESI®). In the presence of B-CD, the meta-
proton peak of py-SO3~in CoPyS clearly positive-shifted. In the
case of y-CD, similar peak shifts were observed for the meta-
protons and the ortho-protons, where the ortho-protons
showed more significant peak shifts compared with the meta-
protons. Job plots (Fig. 3) indicated a maximum at a 0.5 mole
fraction for either B-CD or y-CD. Thus, CoPyS forms 1:1 inclusion
complexes with B-CD or y-CD. ESI-MS spectra of the mixtures of
CoPyS/B-CD and CoPyS/y-CD in H,0-MeOH also supported the
formation of 1:1 CoPyS-CD inclusion complexes: found m/z =
1616.45 for [CoPyS + B-CD]~ (calcd. 1617.75) and m/z = 1778.52
for [CoPyS + y-CD]~ (calcd. 1779.89).

Detailed analysis on proton chemical shifts of 4-pySO;~ of
CoPyS allowed us to determine association constants (K,) of the
1:1 CoPyS-CD inclusion complexes. Nonlinear least-square
fitting>* of changes of the proton chemical shifts provided K,
values of 81+23 M- for B-CD and 1600+400 M- for y-CD (Fig.
4). The K, value for y-CD is 20 times as large as that for B-CD. As
mentioned above, the cavity of y-CD is larger than that of B-CD,
and the formation of the inclusion complex of CoPyS with y-CD
resulted in the drastic changes in chemical shift of the ortho-H
of 4-pySO3~, which is closer to the metal center than the meta-
H. Thus, it is most likely that CoPyS is placed more deeply inside
the y-CD cavity than inside the B-CD cavity, leading to the higher
Ka value for y-CD.
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Fig. 3 Job plots for CoPyS with B-CD (filled circles) or y-CD (filled
triangles) based on the changes in the proton chemical shifts
recorded in D,0, where [CoPyS] + [CD] = 4 mM. The changes of
the meta-H of py-SO3~ are plotted for B-CD and those of the
ortho-H for y-CD.
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Fig. 4 Changes in chemical shift of the meta-protons of the axial
ligand of 4-pySO3;~ of CoPyS upon addition of B-CD or y-CD in
D,0. The solid lines indicate the best fit of the data assuming
the formation of the 1:1 CoPyS-CD complex. The nonlinear
least-square curve fitting provided K, = 81+23 M1 and Ad1; =
0.2620.05ppm for B-CD and K, = 1600%400 M- and Aé1;
=0.046+0.002ppm for y-CD.

To study the photocatalytic activity of CoPysS, visible light-
driven hydrogen evolution experiments were performed in
aqueous solution at pH 7 containing CoPyS (0.18 mM), water-
soluble eosin Y (EY, 0.36 mM; Fig. 1) as a photosensitizer and
triethanolamine (TEOA, 0.74 M) as a sacrificial electron donor.
Time-courses of hydrogen evolution were recorded under
visible light irradiation (A > 420 nm) at 298 K (Fig. 5). The CD-free
system produced 8.5+0.3 umol of hydrogen after 60 min of the
light irradiation, corresponding to TON¢, = 47+2. This
photocatalytic activity is comparable with that of a cobaloxime
complex with pyridyl-4-phosphonate previously reported.*!
Control experiments revealed that no hydrogen production was
observed in the absence of CoPyS or EY under the light
irradiation, indicating that the co-presence of CoPyS and EY is
necessary for photochemical hydrogen production because
CoPyS has almost no UV-Vis absorption band at >420 nm (Fig.
S2) and visible-light-driven electron transfer from EY to CoPyS
initiates hydrogen evolution.

Finally, we investigated effects of host-guest interactions
between CoPyS and CDs on the photocatalytic hydrogen
evolution. Time-courses of hydrogen evolution catalyzed by
CoPyS-EY systems were recorded in the presence/absence of
the a-CD, B-CD or y-CD (Fig. 5). The presence of y-CD (0.54 mM)
in the reaction solution improved the photocatalytic activity of
CoPyS (9.9+0.2 umol of hydrogen produced after 60 min of the
visible light irradiation, corresponding to TON¢ = 55z%1),
compared with the CD-free system. Irradiatinon of
monochromatic light (A = 520 nm, 10 mW cm~2) for one hour
gave external quantum vyields of 3.3% in the presence of y-CD
and 2.8% in the absence of y-CD (Fig. S3, ESI?). In contrast, the
co-presence of the a-CD (0.54 mM) or B-CD (0.54 mM) with
CoPyS showed no positive effect on the catalytic activity of
CoPyS. These results indicate that the host—guest interactions
between CoPyS and y-CD gave the positive effect on the
hydrogen evolution activity, but not for a-CD or B-CD.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Time courses of visible light-driven hydrogen evolution
catalyzed by CoPyS (0.18 mM) and EY (0.36 mM) in the presence
of a-CD (0.54 mM, open squares), B-CD (0.54 mM, open circles)
or y-CD (0.54 mM, open triangles) and in the absence of
cyclodextrins (filled circles) in buffered aqueous solution (pH 7)
containing 0.74 M TEOA under Ar. Visible light (A > 420 nm) is
irradiated.

We observed the positive effect on the catalytic activity of
CoPyS through the host-guest chemistry with y-CD.
Unfortunately this effect was much less than those reported
previously, where an inclusion complexes between B-CD and a
diiron model complex of the [FeFe]-hydrogenase active site.46:47
Although the detailed mechanism on the catalytic activity
improvement remain unclear even in the diiron complex system,
the hydrophilic hydroxyl rims of the cyclodextrin were able to
interact with the guest molecule through hydrogen bonds,%>
leading to the improvement. Thus, the small positive effect on
our system is possibly due to the difficulty in interacting the
catalytic active site of CoPyS and rims of y-CD. On the basis of
the proposed reaction mechanism on cobaloximes
[Co"(Hdmg),LX] (L = pyridine derivatives, X = halide or labile
ligands),%657 the hydrogen evolution reaction occurs at the axial
position of X, which is on the opposite side of the pyridinyl
ligand L. As mentioned above, the axial 4-pySOs~ ligand of
CoPyS is included into y-CD. In other words, the hydrogen
evolution site X is placed away from the rims of the y-CD. The
arrangement of the active site and the rims might result in the
small host-guest enhancement in hydrogen evolution activity
of CoPyS. Another reason on the small positive effect is that the
host—guest enhancement can be induced by kinetic effects
rather than by thermodynamic effects. Cyclic voltammograms
(CVs) of CoPyS were recorded in neutral agueous solution in the
presence/absence of y-CD, indicating almost no difference (Fig.
S4). Thus, the host—guest enhancement in hydrogen evolution
activity may be governed by kinetic effects. Because EY can be
included into y-CD, ¢ the inclusion of not only CoPyS but also EY
into y-CD can suppress the electrostatic repulsion between
negatively charged CoPyS and EY.

J. Name., 2013, 00, 1-3 | 3



Conclusions

We have investigated host-guest chemistry and visible light-
driven hydrogen evolution of the cobaloxime compound with
CDs. The cobaloxime formed the 1:1 host-guest complex with
B-CD or y-CD, but not with a-CD because of the size matching
between the CD and CoPyS. The association constant of CoPyS
with y-CD was approximately 20 times as high as than that with
B-CD. The inclusion of CoPyS into y-CD enhanced the visible
light-driven hydrogen evolution activity, although no
enhancement was observed for o-CD or B-CD. The
enhancement comes from kinetic factors including the
suppression of the electrostatic repulsion between the
negatively charged CoPyS and EY.

Our work implies that improving the catalytic activity of
cobaloximes through host-guest assembly with CDs requires
ligands that provide intermolecular interactions between the
catalytic active site and the rim of CDs. For example, equatorial
glyoxime ligands can be functionalized with sulfonic acid groups,
making the catalytic active site closer to the rim. To develop CD—
cobaloxime host—guest systems with high catalytic activity,
design and synthesis of new molecular catalysts is underway in
our group.

Experimental
Materials.

TEOA hydrochloride was purchased from Tokyo Chemical
Industry (TCI) Co., Ltd. The other chemicals including Eosin Y
sodium salt (EY) were commercially available from Wako Pure
Chemical Industries, Ltd. Compounds of 4-pySO3H32 and
[Co"'Cl,(Hdmg)(dmg)] (Hdmg = dimethylglyoximato)>! were
prepared according to the literature.

Synthesis of CoPyS.

Triethylamine (NEts; 21 ul, 0.15 mmol) was added into a
suspension of [CoCl;(Hdmg)(H2.dmg)] (54 mg, 0.15 mmol) in
methanol (4 mL) and the mixture was stirred for 5 min at room
temperature to obtain a brown solution. Into this solution, 4-
pyridine sulfonic acid (4-pySOsH; 24 mg, 0.15 mmol) was added,
and then the reaction mixture was stirred at 313 K for 2 h. The
reaction mixture was cooled to room temperature and ethyl
acetate (ca. 2 mL) was added. After a couple of hours, white
precipitates appeared and then were removed by suction
filtration. The solvent was removed from the filtrate under
vacuum to obtain the product, which was recrystalized from
MeOH/AcOEt, followed by MeOH/hexane to obtain brown
crystals. The crystals were filtered off and dried under vacuum
to obtain 389 mg (0.063 mmol, 42%) of CoPyS
(HNEt3[Co"'CI(Hdmg).(4-pySO3)]). Crystals for single crystal X-
ray analysis were grown from a MeOH—hexane mixture solution
containing the product. 'H NMR in D,0 (400 MHz): 6 7.66 (2H,
4-pySO3-), 8.20 (2H, 4-pySO37), 3.21 (6H, NCH,CH3), 1.30 (9H,
NCH,CH3), 2.44 (12 H, —CHs). Elemental analysis for
CoC30H33NSO5Cl (CoPyS-MeOH) requires C, 38.93%; H, 6.21%,
and N, 13.62%. Found: C, 38.24%; H, 5.65%; N, 14.24%. ESI-MS

4| J. Name., 2012, 00, 1-3

(MeOH), +ve: found m/z = 102.13 (requires 102.2 for HNEt3*); —
ve: found m/z = 482.00 (requires 482.77 for [Co"'CI(Hdmg),(4-
pySO3)]).

Single crystal X-ray analysis.

Single crystal X-ray data of (HNEts3)[Co"Cl(Hdmg),(4-
pySO3)]-MeOH were collected on a Bruker SMART Apex Il CCD
diffractometer with graphite-monochromated Mo K, radiation
(A =0.71073 A). The crystal structure was solved by using direct
methods (SHELXS-2013) and refined by using full-matrix least-
squares methods on F2 (SHELXL-2014) with the APEX Il software.
All non-hydrogen atoms were refined anisotropically. The
positions of the hydrogen atoms were calculated and refined
isotropically.

Physical measurements.

Proton NMR spectra were recorded on a JEOL JNM-EX400
spectrometer. DO was used as the solvent and all 1H NMR
spectra were calibrated against the residual proton peak of H,O.

UV-Vis absorption spectra were obtained using a UV-VIS-NIR
spectrophotometer SolidSpec-3700 DUV (SHIMAZU) and Milli-
Q water was used as the solvent.

Cyclic voltammograms were recorded on a potentiostat
CompactStat (lvium) using a conventional three-electrode
setup. A Ag|AgCl (sat. KCl) as the reference electrode, a
pyrolytic graphite edge electrode (BAS) as the working
electrode and a platinum foil coated with platinum black as the
counter electrode were used. An aqueous solution containing
0.74 M TEOA and 0.1 M NaCl at pH 7 was used as the electrolyte
solution. The cyclic voltammograms were recorded at a
scanning rate of 0.02 V s under Ar.

Job plots of CoPyS with the CDs.

In order to determine host—guest stoichiometry of the inclusion
complexes of CoPyS with B- or y-CD, 'H NMR spectra of CoPyS
were recorded at 295 K varying mole fractions
[CoPyS]/([CoPyS]+[CD]) in D,0. The total concentration of
([CoPyS] + [CD]) for each sample was kept to be 4 mM.
Determination of association constants (K,) for the CoPyS-CD
inclusion complexes.

Proton NMR spectra of CoPyS (0.3 mM) in D,0 were recorded
at 295 K varying concentrations of B-CD or y-CD. Changes in the
proton chemical shifts (ASobs) of the 4-pySO;~ ligand (meta-H)
upon addition of CD were plotted against the concentrations of
CD ([CD]o) and then the data were fitted using the following
equation®*:

AS.
Abops = =

2K, [CoPyS],
+ K,[CD], + K,[CoPyS]y)?

_ 4Ka2[CoPyS]0[CD]o}%]

[1+ K,4[CD]y + K, [CoPyS], — {(1

where Ab11 is the difference in the chemical shift of the 1:1
CoPyS-CD complex with the free CoPyS and K, is an association
constant for the 1:1 CoPyS-CD complex.

This journal is © The Royal Society of Chemistry 20xx



Photochemical hydrogen production experiments.

A xenon light source MAX-303 (300W, Asahi Spectra Co., Ltd.)
equipped with a mirror module for visible light irradiation (450
nm-800 nm) was used as a light source. To obtain a visible light
with A > 420 nm, a long-pass filter LUX422 (Asahi Spectra Co.,
Ltd.) was used. To obtain green light at A = 520 nm (+2 nm) for
quantum yield experiments, a band pass filter MX0520 (Asahi
Spectra Co., Ltd.) was used. Light intensities were measured
using an analog power meter PM30 (THORLABS, Inc.) with a
power sensor S120UV (THORLABS, Inc.).

To quantify the amount of hydrogen produced, a gas
chromatograph GC-8A (Shimazu) with a TCD detector was used.
Temperatures were set to be 50°C for an injection port and to
be 40°C for a column oven. A molecular sieves 5A column (3 m
long) was used. Ar was flowed through the column as a carrier
gas.

For photochemical experiments, TEOA buffered solution (0.74
M) at pH 7 was used. A total volume of the solution used for
photochemical experiments was 1 mL. The experimental
solution was placed in a vial and sealed with a silicone septum,
where the sealed vial had a volume of 7.21 mL. The solution was
purged with Ar for at least 15 min in the dark before light-driven
hydrogen production measurements. The reaction vial was
placed in a water jacket filled with water at 298 K during the
photochemical experiments. A head-space gas of 100 uL was
injected into the GC using a gas tight syringe. All photochemical
experiments were repeated at least three times in the same
condition.

To determine quantum yields for photocatalytic hydrogen
evolution, photochemical experiments were performed under
light irradiation at 520 nm with 10 mW cm~2 at 298 K. Quantum

yields (¢) were determined based on the following equation?®:
n(H,) X N n(H,) X N Xh X ¢

1
‘”(2 2 Fphoton X Sgeam X t PxAxt

where n(H;) is the amount of hydrogen produced, N is the
Avogadro constant (6.022x1023 mol~1), Fynoton is @ photon flux,
Sgeam iS the beam area (2.1 cm? for our experiments) h is
Planck’s constant (6.626x10734 J s), c is the speed of light
(2.9979%108 m s1), P is the light intensity (2.1 cm2x0.01 W cm~
2 =0.021 W = 0.021 J s1), A is the wave length of the light
irradiation (520x10~° m) and t is the irradiation period (60
minx60 = 3600 s).
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