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ABSTRACT: Enantioselective photohydrogenation using semiconductor photocatalysts remains challenging
because of the heterogeneity of solid surfaces and the difficulty in controlling adsorption geometries. In
this study, we systematically investigated the enantioselective photohydrogenation of aromatic ketones
using TiO2 photocatalysts in the presence of chiral co-adsorbents, focusing on the combined effects of co-
adsorbent structure and TiO:2 crystal morphology. Chiral aromatic amino alcohols, such as 2-amino-1-
phenylethanol (PhEA), were identified as effective and relatively photostable co-adsorbents, affording
moderate enantioselectivity with reduced inhibition compared with carboxylate-type co-adsorbents.
Structural analyses revealed pronounced differences in particle size, lattice distortion, and inferred exposed
crystal facets among anatase TiO2 samples. TIO-13, composed of larger particles with relatively well-
defined surface structures, exhibited higher and more reproducible enantioselectivity, whereas TIO-7,
composed of smaller nanoparticles with more heterogeneous surfaces, showed higher reaction rates but
lower enantioselectivity. Consecutive photohydrogenation experiments provided supportive evidence that
residual surface-adsorbed chiral co-adsorbent contributes to both asymmetric induction and inhibition of
the reaction. Although the present work should be regarded primarily as a fundamental study rather than a
practically optimized catalytic methodology, it provides useful insight into the design of chiral
semiconductor photocatalysts for heterogeneous asymmetric photocatalysis.

Keywords: Photocatalysis; Enantioselective photohydrogenation; TiO2; Chiral co-adsorbents; Crystal
facets; Surface structure

1. Introduction

The application of inorganic semiconductors to asymmetric photocatalysis has been actively
investigated in recent years [1—4]. Titanium oxides (TiO2) are one of the most extensively and in-depthly
studied inorganic nanomaterials; thus, the development of chiral titanium oxides for achieving
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enantioselective organic reactions is a challenging task. Photocatalysis can drive unique redox organic
reactions that are not achievable with conventional techniques using oxidants or reductants. Therefore, the
asymmetric photocatalysis using heterogeneous semiconductors is expected as a new method for the fine
chemical synthesis of highly valuable molecules such as chiral medicines.

In 2010, we discovered that aromatic ketones could be quantitatively hydrogenated to secondary
alcohols through photoreductive hydrogenation using TiO2 [5]. This work demonstrated that ethanol acts
as both the solvent and the sacrificial reagent, and that acetaldehyde is formed as the oxidation product of
ethanol. In addition, our previous kinetic study showed that electrons accumulated at Ti electron trap sites
after photoexcitation of TiOz are responsible for ketone reduction, and that the one-electron transfer from
these trapped-electron sites to the adsorbed substrate is the rate-determining step of the overall reaction [6].
Furthermore, in 2018, we found that the coexistence of chiral hydroxylic acids, such as mandelic acid (MA),
in the reaction system led to the enantioselective production of one enantiomer of the secondary alcohol
[7]. This is mainly related to the adsorption of the carboxyl group of MA to the TiO: surface and the
interaction between the aromatic ring of MA and adsorbed aromatic ketones on TiO2. However, the addition
of MA strongly inhibited the desired hydrogenation of ketones, resulting in low product yields. The
hydrogenation reaction would be competitively suppressed by the strong adsorption of MA to the Ti
reactive sites on the TiO2 surface. Further, it was also observed that the enantiomeric excess (ee) of the
secondary alcohols gradually decreased with the progress of this photohydrogenation reaction. The reason
was found to be the decarboxylation of the carboxyl group of MA due to photo-Kolbe reaction involving
the oxidation caused by the photogenerated holes of TiOz [7].

We have also reported the differences in reaction rate and enantioselectivity between anatase, rutile, and
their mixed-phase TiO2 photocatalysts [7]. The mixed-phase P25 and the anatase TIO-13 exhibited relatively
high enantioselectivities, whereas the anatase TIO-7 and rutile showed low enantioselectivity. These results
suggest that the TiO2 crystal phase strongly influences enantioselectivity. Interestingly, anatase TIO-13 and
TIO-7 exhibited completely different enantioselectivities, including the stereochemical inversion of the
absolute configuration of secondary alcohol products, though these two TiO2 powders are the same anatase
crystalline phases. It should be noted in the transmission electron microscopy (TEM) images that P25 and
TIO-13 possess larger particle sizes with smooth and flat surfaces, whereas TIO-7 has a smaller size with a
significant amount of edges and corners and a larger specific surface area [7]. Up to now, there are still many
unknowns and uncertainties regarding the stereoselective reaction on TiOz crystal surfaces.

TiO2 exhibits different stability and photocatalytic activity depending on the surface structure (atomic
arrangement) of the crystal planes, even within the same crystalline phase [8]. For example, the anatase
phase has the {101} facet, which is known to have the most stable surface energy and is most susceptible
to photoreductive reactions [9,10], the {001} facet, which has attracted attention for its unstable but high
oxidation reactivity [9,10]; and the {112} facet, which has recently attracted attention for its high chemical
reactivity [11]. Each crystal facet has a different atomic arrangement and lattice defects, and the different
surface energies result in different accumulations of photogenerated electrons and holes. This has led to
extensive discussions on which facets are more favorable for reduction or oxidation reactions. However, it
is intriguing to speculate that the differences in the atomic arrangement of the crystal planes cause
differences in the interactions between substrates adsorbed on these surfaces and chiral co-adsorbents,
resulting in completely different enantioselectivities.

In this study, chiral aromatic hydroxylamines such as 2-amino-1-phenylethanol (PhEA) and 2-
phenylglycinol (PhGly) were used instead of MA as chiral co-adsorbents. The reaction yields and
enantioselectivities were evaluated in the photoreduction of 1'-acetonaphthone (INP, 1a) or 2'-
acetonaphthone (2NP, 2a) to 1-(1-naphthyl)ethanol (INPOH, 1b) or 1-(2-naphthyl)ethanol (2NPOH, 2b)
by comparing the results using MA, as shown in Scheme 1. Furthermore, the exposed crystal surfaces of
two types of anatase-type TiO2 (TIO-13 and TIO-7) were characterized in detail using X-ray diffraction
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(XRD) analysis and high-resolution scanning transmission electron microscopy (STEM). As a result, a
reasonable interpretation will be proposed and discussed to explain the relationship between the crystal
structure of TiO2 and enantioselective photohydrogenation of aromatic ketones with chiral co-adsorbents
PhEA or MA on the TiO: surface.

e} ) H OH
)J\ chiral co-adsorbent CH.CHO
+ CH3;CH,OH * +
Ar” "CHs 32 TiO, / UV light Ar CHj; 3
Ar = 1-Naph (1NP, 1a) Ar = 1-Naph (1NPOH, 1b)
2-Naph (2NP, 2a) 2-Naph (2NPOH, 2b)

chiral co-adsorbents

@@@@@

(S)-MA (S)-PhEA (S)-PhGly (S)-1P1,2-D (S)-MAmide

Scheme 1. Enantioselective photohydrogenation of aromatic ketones 1a and 2a with the chiral co-adsorbents on TiO,. The
asterisk (*) shown in the structural formulas of products 1b and 2b indicates a chiral carbon.

2. Materials and Methods
2.1. Materials

Polycrystalline TiO2 powder (Degussa P25) was purchased from Japan Aerosil and used as received.
Rutile TiO2 powder (TIO-6) and anatase TiO2 powders (TIO-7 and TIO-13) were supplied as reference
photocatalysts by the Catalysis Society of Japan. The crystalline phases of these TiO2 samples were
confirmed by XRD measurements using a D6 PHASER (Bruker AXS GmbH, Karlsruhe, Germany)
equipped with a Cu Ka radiation source (4 = 0.15418 nm). The crystallite sizes were estimated from the
XRD patterns using the Scherrer equation. The anatase/rutile ratio of P25 was approximately 8/2, as
determined by XRD analysis. TEM observations were carried out using a JEOL JEM-1400Plus microscope
(JEOL Ltd., Tokyo, Japan) operated at an accelerating voltage of 80 kV. STEM observations were performed
using a JEOL JEM-ARM200F microscope (JEOL Ltd., Tokyo, Japan) operated at an accelerating voltage of
200 kV. For TEM and STEM observations, TiO2 powders were dispersed in ethanol by ultrasonication and
drop-cast onto carbon-coated copper grids, followed by vacuum drying prior to observation.

The following reagents were used for substrates and chiral co-adsorbents as received: 1'-acetonaphthone
(INP, TCI, >98.0%), 2'-acetonaphthone (2NP, TCI, >98.0%), (S)-(—)-1-(1-naphthyl)ethanol ((S)-1NPOH,
Aldrich, 98%), (S)-(—)-1-(2-naphthyl)ethanol ((S)-2NPOH, Aldrich, 98%), 1-(1-naphthyl)ethanol (1INPOH,
racemic mixture, TCI, 98%), 1-(2-naphthyl)ethanol (2NPOH, racemic mixture, TCI, 98%), L-(+)-mandelic
acid ((S)-MA, TCI, >99.0%), (S)-(+)-1-phenylethan-1,2-diol ((S)-1P1,2D, TCI, >98%), (S)-mandelamide
((S)-MAmide, BLD pharm, >95%), (S)-2-Phenylglycinol ((S)-PhGly, Combi-Blocks, >98%), (S)-2-Amino-
I-phenylethanol ((S)-PhEA, Combi-Blocks, >98%). Specially reagent grade of ethanol and methanol were
purchased from Nacalai Tesque and used for a solvent in photocatalytic reactions and eluent on a high
performance liquid chromatography (HPLC) without further purification.

2.2. Photoirradiation Experiment

All irradiation experiments were carried out as denoted in the previous report [ 7]. Mixtures of aromatic
ketones (0.13 mmol) and TiO2 (0.10 g) were dispersed in the presence or absence of chiral reagents (0.25
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mmol) in ethanol solution (25 mL). The solutions were placed in a cylindrical glass cell (40 mm x 45 mm
i.d.) and sealed with a rubber septum. Argon gas (99.99%) was passed into the solutions through the rubber
septum for 30 min, and then the degassed solutions were stirred in a water bath for 30 min to attain thermal
equilibrium at 32 °C in the dark. The suspended solutions were irradiated with UV light (wavelength >350
nm) from a 300 W xenon arc lamp (CERMAX LX300, ILC Technology, Sunnyvale, CA, USA) through a
dichroic mirror and a cut-off filter (UV-35, Toshiba Corp., Tokyo, Japan). Light intensity was measured to
be 720 mW-cm 2 by the use of a thermopile sensor (Model 210, Coherent Inc., Santa Clara, CA, USA).
After appropriate irradiation times, 0.2 mL of the sample solution was withdrawn and centrifuged to remove
the photocatalyst powders. Concentrations of the substrates and products in supernatants were determined
using an HPLC system equipped with UV detection (PU-2080 pump, DG-2080-35 degasser, CO-2065
column oven, and UV-2075 UV/vis detector; JASCO Corp., Tokyo, Japan). A reverse-phase system with
a chiral column (Daicel Chiralcel OD-RH, 150 mm x 4.6 mm i.d.) was used to analyze the substrates and
products. A mobile phase was methanol/water (3/1, v/v) with a flow rate of 0.7 mL/min. Chromatograms
were monitored at 286 nm. From the results, yields and enantiomeric excesses (ee) of the products were
calculated, where the sign of ee was defined so that a positive value was obtained when the R-isomer of the
product was in excess. Furthermore, when a chiral co-adsorbent is present in the solution, the co-adsorbent
adsorbs onto the Ti sites on the TiO2 surface, resulting in the inhibition of the reaction. Therefore, we
defined the inhibition ratio (/R) as below [7]:

IR(%)z[l—rjxloo

)

where » and ro are the initial reaction rates during 0—5 h irradiation in the presence and absence of chiral
reagents, respectively.

3. Results and Discussion
3.1. Enantioselective Photohydrogenation on P25 TiO:

We firstly investigated the enantioselective photohydrogenation of 1a and 2a in the presence of several
chiral co-adsorbents on P25 TiOz, because this TiO2 has been extensively studied as a benchmark for TiO2
photocatalysis. Table 1 summarizes yields and %ee of the products 1b and 2b, and /R (%) values when the
S-isomers of the five chiral co-adsorbents were used. The use of (S)-MA shows the very low reaction yield
even after 23 h and the high /R values 100% and 99% for 1b and 2b, respectively. This should be due to
the inhibition of the hydrogenation reaction by the strong MA adsorption on the reactive sites of TiOz as
reported previously [7]. Enantioselectivities +36%ee and +19%ee were observed after 5 h for 1b and 2b,
respectively, but the %ee values decreased after 23 h when (S)-MA was used as a co-adsorbent. This is
caused by the decomposition of MA in the decarboxylation of the carboxyl group of MA due to the photo-
Kolbe oxidation reaction caused by the photogenerated holes on TiO: [7].

The use of (S)-PhEA as a co-adsorbent resulted in the reversal of the absolute configuration of 1b and
2b compared to the photohydrogenation using (S)-MA. Enantioselectivities of —13%ee for 1b and —10%ee
for 2b were observed; these %ee values decreased slightly between 5 and 23 h. It should be noted that the
high reaction yields of 69% for 1b and 73% for 2b were obtained after 23 h of irradiation. This is attributed
to the resistivity against decomposition of (S)-PhEA during the photocatalytic reaction. Figure S1 shows
the time profile of (C/Co x 100), where C and Co are concentrations of (S)-PhEA at each reaction time and
0 h, respectively, during the photoreaction of 2a to 2b. Thus, unlike MA, PhEA is a relatively stable chiral
coadsorbent during the photoirradiation. In the case of (S)-PhGly, the yields of 1b and 2b were slightly
increased, although the enantioselectivities were dramatically decreased. Both (S)-PhEA and (S)-PhGly
would adsorb to the Ti sites on TiO2 through the amino and/or hydroxy groups as depicted in Figure 1. The
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difference in enantioselectivity implies that the z-7 interaction between (S)-PhEA and the aromatic rings of
substrates 1a and 2a is in a more favorable configuration ([A] in Figure 1) than that between (S5)-PhGly and
1a and 2a ([B] in Figure 1).

Table 1. Enantioselective photohydrogenation of 1a and 2a on P25 ¢ TiO; after 5 and 23 h irradiation °.

Chiral Time (h) 1a 2a
Co-Adsorbent Yield (%) %ee¢ IR (%)Y  Yield (%) %ee‘ IR (%)“
0
! + +1
Ty o 253 (1) +§2 100 (3) +89 9
OH (S)-MA
Ph _ _
NH, 5 11 13 91 21 10 26
OH (S)-PhEA 23 69 -8 73 -8
Ph OH 5 34 +3 48 racemic
77 . 73
NH, (S)-PhGly 23 99 +2 100 racemic
Ph oH 5 53 racemic 5 70 racemic )8
o (85)-1P1,2D 23 100 racemic 100 racemic
o)
Ph &NH 5 — — . 72 racemic 26
2 23 — — 100 racemic

OH  (S)-MAmide
¢ Mixture of anatase/rutile (ca. 8/2). ? Carried out for a mixture of aromatic ketones (65 umol), chiral reagents (250 umol) and
TiO; (0.10 g) in deaerated ethanol solution (25 mL) under the irradiation with UV light (>350 nm) at 303 K. ¢ Defined by the
following equation: %ee = 100([R] — [S])/([R] + [S]) where [R] and [S] are concentration of enantiomers of 1b or 2b. ¢ Defined
by the following equation: /R (%) = 100 x (1 — (#/ry)) where r and ry are the initial reaction rates during 0-5 h irradiation in the
presence and absence of chiral reagents, respectively.

[A]

[B]

strong

weak
N 1 (S)-PhEA o (S)-PhGly
HiG A | HiG, Ar @ H
Substrate ¢ K NS %, /
1 / T—CH, Substrate C d_cn
(@) \ (“) / \2
i NHZ HzN 0
Ti Ti Ti » ‘.
o \O/ \O/ ~__ o /TI\O /TI\O i

Figure 1. Schematic, hypothetical models for adsorption of [A] (S)-PhEA and [B] (S)-PhGly, and interaction between aromatic
ketone and the co-adsorbents on the TiO, surface.

The IR values on the use of (S)-PhEA and (S)-PhGly were relatively high (approximately 70-90%),
indicating strong adsorption of these amino alcohol-type co-adsorbents on the TiO: surface. The strong
interaction of amino groups with TiO2 surfaces has been demonstrated by in situ infrared spectroscopy,
which indicates preferential adsorption of amine species on surface Ti sites [12]. This experimental
evidence supports the interpretation that amino-containing co-adsorbents can strongly bind to TiO: surfaces
and effectively influence the adsorption configuration of substrate molecules during photohydrogenation
reactions. To provide supportive insight into the adsorption behavior of amino alcohol-type co-adsorbents,
density functional theory calculations were performed using Gaussian to optimize molecular geometries
and evaluate charge distributions. The calculated results indicate that the nitrogen atom of the amino group
carries a more negative charge than the oxygen atom of the hydroxy group (Figure S2), suggesting a
stronger interaction between the amino group and surface Ti sites. This electronic characteristic is
consistent with the experimentally observed strong adsorption and high inhibition ratios for (S)-PhEA, as
well as its higher stability under photoirradiation compared with carboxylate-type co-adsorbents such as
MA. In contrast, (S)-1P1,2D, which contains two hydroxy groups but lacks a basic nitrogen atom, and (S)-
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MAmide, bearing an amide substituent, exhibited no enantioselectivity and relatively low /R values. These
results mean that the lone pair of the basic nitrogen atom on PhEA and PhGly plays an important role in
the adsorption of these co-adsorbents to the Ti sites on the TiOz surface. Consistent with this interpretation,
Parameswari et al. have reported that monoethanolamine (HOCH2CH2NH2) adsorbed at five-coordinated
Ti sites (probably the main reaction site) on rutile TiO2 (110) through the strong interaction of the nitrogen
atom of the amine group by the use of the density functional theory and ab initio molecular dynamics
simulations [13]. Similar to the rutile TiO2, the nitrogen atom of (S)-PhEA is likely to interact with five-
coordinate Ti sites on the surface of anatase TiO2, which may contribute to asymmetric induction, although
the adsorption geometry shown in Figure 1 remains hypothetical.

3.2. Enantioselective Photohydrogenation on Several TiO2 Powders

Next, we investigated the effect of TiOz crystal form on the enantioselective hydrogenation of 1a and 2a
using four TiO2 photocatalysts: mixed-phase P25, anatase TIO-13 and TIO-7, and rutile TIO-6. Table 2
summarizes the results when (S)-MA and (S)-PhEA were used as chiral co-adsorbents. For anatase TIO-13,
a large enantiomeric excess of 73%ee was obtained in the hydrogenation of 1a, although the yield was only
1% when (S)-MA was used. In the hydrogenation of 2a, the yield of 2b in 1% was obtained, but showed low
ee (+20%ee). The use of (S)-PhEA instead of (S)-MA improved the reaction yields of 1b and 2b and exhibited
moderate enantiomeric excess of —23%ee for 1b and —20%ee for 2b on TIO-13. On the other hand, for anatase
TIO-7, the use of both (S)-PhEA and (S)-MA showed higher yields but lower enantiomeric excess of 1b and
2b than those on TIO-13. Notably, as previously reported [7], when (S)-MA was used, the product 2b showed
opposite stereoselectivity (—3%ee), and the product 1b indicated racemate. This unique feature of TIO-7 may
be due to its small crystallite size (<10 nm) and surface structure, which will be discussed in Sections 3.3 and
3.4. For rutile TIO-6, when the use of (S)-PhEA showed relatively high yields but low enantioselectivity.
These results suggest that anatase TIO-13 and mixed-phase P25 are more favorable for asymmetric induction
than anatase TIO-7 and rutile TIO-6 under the present reaction conditions.

To further examine whether enantioselectivity is associated with the adsorption of the chiral co-
adsorbent on the TiO2 nanocrystal surface, consecutive photohydrogenation experiments were performed
(Figure S3, Table S1). First, an enantioselective photohydrogenation reaction was carried out in an ethanol
solution (25 mL) containing the TiO2 photocatalyst (TIO-13), the substrate (2NP), and the chiral co-
adsorbent ((S)-PhEA) (1st irradiation). After the reaction, the suspension was centrifuged, and the
supernatant was removed. Subsequently, a fresh ethanol solution (25 mL) containing only the substrate
(2NP) was added to the recovered TiO2, and the reaction was continued under photoirradiation (2nd
irradiation). Since no additional co-adsorbent was introduced during the 2nd irradiation, the reaction yield
increased compared with that in the 1st irradiation. Nevertheless, a small but detectable enantioselectivity
was still observed at the early stage of the 2nd irradiation (e.g., 2.8%ee after 1 h), indicating that residual
co-adsorbent adsorbed on the TiO: surface remained catalytically relevant. The /R during the 2nd
irradiation was 51%, which, although lower than that in the 1st irradiation, still indicates appreciable
suppression of the reaction. Notably, the ee value gradually decreased during the 2nd irradiation and
eventually disappeared, which may be reasonably attributed to the gradual desorption of surface-adsorbed
(S)-PhEA into the ethanol solution containing only 2NP. These results provide supportive, indirect evidence
that the chiral co-adsorbent remaining on the TiO2 surface contributes to both asymmetric induction and
inhibition of the photohydrogenation reaction.
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Table 2. Enantioselective photohydrogenation of 1a and 2a on each TiO; crystalline sample with (S)-MA or (S)-PhEA after 23
h irradiation “.

1b 2b
Tio, (S)-MA (S)-PhEA (S)-MA (S)-PhEA
Yield IR ¢ Yield IR ¢ Yield IR ¢ Yield IR ¢
@ % v @ P o P o e T ()
P25 1 +26(R) 100 69  —8S) 91 3 SR 99 73 -8(S) 86
TIO-13 1 +13R) 97 14 -23S) 87 1 920(R) 99 35 205 82
TIO-7 20 racemic 88 39 =13(S) 81 58 =3(5) 80 73 =11(S) 80
TIO-6 3 +10(R) 98 50 —3(S) 67 2 +8(R) 99 68 racemic 81

@ Carried out for a mixture of aromatic ketones (65 pmol), chiral reagents (250 pmol) and TiO, (0.10 g) in deaerated ethanol
solution (25 mL) under the irradiation with UV light (>350 nm) at 305 K. ? Defined by the following equation: %ee = 100 x ([R]
= [SD/([R] + [S]) where [R] and [S] are concentration of enantiomers of 1b or 2b. ¢ Defined by the following equation: IR (%) =
100 x (1 — (#/ro)) where r and ry are the initial reaction rates during 0—5 h irradiation in the presence and absence of chiral
reagents, respectively.

3.3. Structural Characterization of TIO-7 and TIO-13 by XRD and TEM

The structural characteristics of TIO-7 and TIO-13 were examined by XRD measurements (Figure 2)
and TEM observations (Figure S4) to clarify differences in particle size, morphology, and exposed crystal
facets. In addition, STEM observations were performed for anatase TIO-7 and TIO-13 powders (Figure 3).
The crystallite sizes estimated from XRD patterns using the Scherrer equation, average particle sizes
obtained from TEM observations, and reported specific surface areas are summarized in Table 3.

The XRD patterns of all TiO2 samples were consistent with previously reported crystal structures.
Although both TIO-7 and TIO-13 possess the anatase phase, the diffraction peaks of TIO-7 were
significantly broader than those of TIO-13, reflecting the smaller crystallite size of TIO-7. Moreover,
differences in relative peak intensities suggest variations in crystal morphology and preferentially exposed
facets between these two samples. Distinct physicochemical properties of TIO-7 and TIO-13, including
differences in particle size and electronic characteristics, have also been reported previously [14]. Bertolotti
et al. reported simulations of X-ray scattering patterns for bipyramidal anatase nanocrystals with
predominantly exposed stable {101} facets, demonstrating that changes in the aspect ratio along the a- and
c-axes significantly affect the diffraction profiles [15]. In the present study, the XRD patterns were
deconvoluted based on the characteristic anatase peak positions, and the integrated peak areas were
compared. When being normalized by the peak area of the {200} reflection (26 = 48.0°), corresponding to
the a-axis direction, the area ratios of the {004} reflection (260 = 37.8°), corresponding to the c-axis direction,
and the {220} reflection (26 = 70.3°), corresponding to the diagonal direction in the ab plane, were So04/S200
= 68.4 and S$220/S5200 = 23.6 for TIO-13. In contrast, these ratios decreased to Soo4/S200 = 54.7 and S220/S200 =
19.6 for TIO-7 (Table S2), suggesting a truncated morphology with less well-defined crystal edges and
corners. These results are consistent with the TEM observations: TIO-13 exhibits a morphology close to a
decahedral structure, whereas TIO-7 consists of much smaller, nearly spherical nanoparticles (Figures 3,
S4 and S5). Accordingly, TIO-13 is expected to predominantly expose relatively stable {101} and {001}
facets, while TIO-7 likely exposes a variety of facets induced by lattice distortion. For rutile TIO-6, the
crystal structure corresponds to the rutile phase, and the nanocrystals are expected to grow preferentially
along the c-axis [16], forming rod-like morphologies with {110} facets on the side surfaces and {101}
facets at the terminal ends (Figure S4).
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n M TiO, Anatase (JCPDS 21-1272)
A TiO, Rutile  (JCPDS 21-1276)

Intensity (a.u.)

26 (degree)

Figure 2. XRD patterns of TiO, powders (P25, TIO-13, TIO-7, and TIO-6). The positions of the characteristic diffraction peaks
of anatase and rutile phases, based on JCPDS reference data (No. 21-1272 and No. 21-1276), are indicated by squares (m) and
triangles (A ), respectively.

[A] TIO-13 b [B] TIO-7

Y "

0r36551nm|
K

Figure 3. STEM images of anatase TiO, powders: [A] TIO-13 and [B] TIO-7. Insets show magnified views of the lattice fringes,
from which the interplanar spacings were measured.

Table 3. Crystalline phase, crystallite size estimated from XRD patterns, average particle size measured from TEM images, and
specific surface area of TiO, powders used in this study.

. . Crystallite Average Particle Specific Surface
TiO2 Crystalline Phase Sizﬁ (nm) * Sizg (nm)* P Area (m?/g)
P25 anatase/rutile (ca. 8/2) 20%/35¢ 21.5 618
TIO-13 anatase 22 23.9 59"
TIO-7 anatase 9 6.0 270"
TIO-6 rutile 19 15.2¢/46.47 100 ”

¢ Estimated from XRD by using Scherrer equation. ® For anatase,  for rutile. ¢ Determined from TEM images. For rutile TIO-6,
particle sizes along the ¢ short and / long axis are listed due to its rod-like morphology. € From ref. [17]. * From ref. [18].

The lattice fringe spacings measured from the STEM images further support these structural
differences (Figure 3). For TIO-13, lattice fringes with an interplanar spacing of 0.3695 nm were observed,
which is close to the reported spacing of the anatase {101} planes (0.3516 nm). In the case of TIO-7, lattice
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fringes with a spacing of 0.3655 nm were also observed, together with atomic arrangements and spot
spacings consistent with the bulk-terminated anatase {112} planes, suggesting partial exposure of the {112}
facets (Figures S6). The interplanar spacings were measured directly from the lattice fringes observed in
the STEM images. Notably, the measured spacings were slightly larger than those expected from the ideal
anatase lattice, indicating lattice distortion in the nanocrystals.

3.4. Relationship Between Crystal Structure and Enantioselective Photohydrogenation

The structural differences described above are closely related to the photocatalytic performance and
enantioselectivity observed in the photohydrogenation reactions. The smaller particle size of TIO-7 results
in a larger specific surface area compared with that of TIO-13. Consequently, in the absence of a chiral co-
adsorbent, TIO-7 exhibits a higher reaction rate than TIO-13 (Table S3). Moreover, TIO-7 consistently
shows the lowest inhibition ratios among all TiO2 samples for all substrates and chiral co-adsorbents
investigated (Table 2). In addition, the presence of multiple exposed facets may further enhance the
catalytic activity of TIO-7. Joutsuka et al. reported that the anatase {112} facets exhibit high adsorption
ability and photocatalytic degradation activity based on methylene blue experiments and density functional
theory calculations [11]. If TIO-7 indeed exposes such {112} facets, this feature may contribute to its
enhanced photohydrogenation activity. Differences in adsorption behavior and surface reactivity depending
on the exposed crystal facets of anatase TiO2 have been reported, particularly between the
thermodynamically stable {101} facets and other facets such as {001} [19].

In contrast, the enantioselectivity was lower for TIO-7 than for TIO-13, showing an inverse relationship
with the reaction rate. This behavior is reasonably interpreted in terms of the small particle size and large
lattice distortion of TIO-7. Our previous studies demonstrated that effective enantioselective
photohydrogenation requires chiral co-adsorbents bearing (i) a substituent that strongly binds to the TiO2
surface, as well as (ii) a hydroxy group and (iii) a phenyl group directly attached to the chiral carbon center
[7]. The presence of these three functional groups in the chiral co-adsorbent enables favorable interactions
with the substrate molecules on the TiO: surface, thereby enhancing enantioselectivity. However, the
adsorption geometries shown in Figure 1 should be regarded as hypothetical models proposed to rationalize
the observed catalytic behavior, rather than as experimentally established structures.

When the particle size decreases and lattice distortion increases, as in the case of TIO-7, the distance
between surface Ti adsorption sites is expected to expand, which can weaken the cooperative interactions
between the chiral co-adsorbent and the substrate molecules. As a result, the enantioselectivity tends to
decrease. Furthermore, the inversion of enantioselectivity observed for the photohydrogenation of 2a on TIO-
7 in the presence of (S)-MA may also be rationalized. While a fixed spatial arrangement between the adsorbed
chiral co-adsorbent and the substrate would normally favor hydrogen addition from a specific direction, lattice
distortion can increase the spacing between adjacent chiral co-adsorbents. This may allow the substrate to
access the reaction sites more freely, thereby altering the interaction geometry. Consequently, the preferred
direction of hydrogen addition may be reversed, leading to a change in enantioselectivity. The importance of
multidentate adsorption and molecular flexibility in organic modifiers has also been demonstrated in the
shape-controlled growth of TiOz2 single crystals, where organic molecules bearing multiple functional groups
can strongly interact with surface Ti sites and stabilize specific surface structures [20]. Previous spectroscopic
studies have reported that TIO-13 exhibits relatively stable and well-defined surface states under
photocatalytic conditions [21], which is consistent with the higher and more reproducible enantioselectivity
observed for TIO-13 in the present study. Taken together, these results suggest, rather than conclusively prove,
that relatively ordered and less distorted TiO2 surface structures are advantageous for enhancing
enantioselectivity in chiral co-adsorbent-assisted photohydrogenation reactions. Because the present study is
based on commercially available TiO2 powders, the correlation between specific exposed facets and
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stereochemical outcomes should be regarded as a structure—property interpretation, and further studies using
facet-controlled TiO: crystals will be required for definitive verification.

4. Conclusions

In this study, enantioselective photohydrogenation of aromatic ketones was systematically investigated
using TiO2 photocatalysts in the presence of chiral co-adsorbents. Chiral aromatic hydroxylamines, such as
PhEA, were found to act as effective and stable co-adsorbents, providing moderate enantioselectivity with
significantly reduced inhibition compared with carboxylate-type co-adsorbents such as MA. Detailed
structural analyses of anatase TiO:2 photocatalysts revealed that crystal morphology, particle size, and
exposed facets are closely related to both photocatalytic activity and enantioselectivity. Anatase TIO-13,
possessing relatively large particles with more well-defined crystal facets, exhibited higher and more
reproducible enantioselectivity, whereas TIO-7, composed of smaller nanoparticles with lattice distortion
and heterogeneous facet exposure, showed higher reaction rates but lower enantioselectivity. The inverse
relationship observed between reaction rate and enantioselectivity suggests that excessive surface
heterogeneity and lattice distortion weaken the cooperative interactions between chiral co-adsorbents and
substrate molecules on the TiO2 surface. These findings highlight the importance of ordered surface
structures and well-defined adsorption geometries for achieving efficient asymmetric induction in
heterogeneous photocatalysis. At the same time, the present work should be regarded primarily as a
fundamental study rather than a practically optimized catalytic methodology, because the substrate scope
remains limited and the enantioselectivities remain moderate under conditions that afford acceptable
product yields. Within these limitations, the present results suggest that control of TiO2 crystal structure, in
combination with rational design of chiral co-adsorbents, is a promising strategy for enhancing
enantioselectivity in semiconductor-based asymmetric photocatalytic reactions. Further mechanistic,
spectroscopic, and facet-controlled studies will be necessary to establish the detailed origin of asymmetric
induction and to expand the generality of this catalytic concept.
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The following supporting information can be found at: https://www.sciepublish.com/article/pii/1000,
Figure S1: Time profile of concentration ratio (C/Co * 100%) where C and Co are the concentration of (S)-
PhEA at each reaction time and 0 h, respectively during the photohydrogenation of 2a to 2b. Figure S2:
Optimized molecular structures and calculated charge distributions of four chiral co-adsorbents obtained
by density functional theory (DFT) calculations using the Gaussian program. Figure S3: Time courses of
(a) yield and (b) enantiomeric excess (ee) during two consecutive enantioselective photohydrogenation
experiments. Reaction conditions: TiO2 (TIO-13), substrate (2NP), and chiral co-adsorbent ((S)-PhEA).
Figure S4: TEM images and corresponding particle size distributions of four TiO2 samples. Representative
TEM images of P25, TIO-6, TIO-7, and TIO-13 are shown together with the particle size distributions
obtained by statistical analysis of the TEM images. Figure S5: Schematic illustrations of representative
anatase TiO: particle morphologies and exposed crystal facets discussed in this study. Figure S6: Bulk-cut
atomic models, top-view representations, and corresponding STEM observations of the anatase TiO2 (112)
surface. Table S1: Comparison of yield, ee, and inhibition ratio (/R) between a single experiment and repeated
experiments (Ist and 2nd irradiations). Reaction conditions: TiO2 (TIO-13), substrate (2NP), and chiral co-
adsorbent ((S)-PhEA). Table S2: XRD data for anatase TiO2 samples TIO-13 and TIO-7. The table lists the
diffraction angles (26), corresponding Miller indices (4kl), peak intensities, and integrated peak areas for each
sample. Table S3: Comparison of initial reaction rates (mmol-L '-h™!) for the photohydrogenation of
substrates 1a (1NP) and 2a (2NP) over four TiO2 photocatalysts. The initial rates were measured in the
absence of a chiral co-adsorbent and in the presence of MA or PhEA as chiral co-adsorbents.
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