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１．Introduction

Cocrystals have been extensively investigated in 
pharmaceutical science1） because they can exhibit 
physical and chemical properties that differ markedly 
from those of the corresponding single-component 
crystals, primarily as a result of modified intermolecular 
interactions and molecular packing. Chiral compounds 
that are structurally analogous and exist as non-
superimposable mirror-image counterparts are referred to 
as quasienantiomers.2） Cocrystals derived from 

quasienantiomers, known as quasiracemates,2）,3） provide 
diverse opportunities for the design of advanced 
functional materials, including optoelectronic,4） 

spintronic,5） energetic,6） and mechanochromic7） materials. 
In such systems, the constituent chiral molecules adopt 
pseudo-mirror-image arrangements that mimic racemic 
packing, while the crystal as a whole retains its intrinsic 
chirality.

Although numerous studies have focused on readily 
accessible amino acid– or organic compound–based 
cocrystals, extending this concept to cocrystals composed 
of dissimilar metal complexes or organometallic species 
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is expected to yield synergistic solid-state properties 
arising from the combined characteristics of the 
individual complexes. Furthermore, the incorporation of 
chiral organic ligands into metal complexes provides 
additional functionalities, including crystal engineering 
and distinctive chiroptical responses.

The first report of quasiracemates consisting of two 
structurally similar chiral metal complexes containing 
different metal ions appeared more than a century ago. 
Delépine provided the earliest documented example in 
1921, describing the mixed-crystal system Δ-（–）-K3［Ir
（ox）3］·Λ -（+）-K3［Rh（ox）3］·9H2O （ox = oxalate dianion）. 8） 

In 1930, additional quasiracemate structures formulated as 
［Δ-（–）-Co（en）3·Λ-（–）-Rh（en）3］X6 （en = ethylenediamine; 

X = Cl, Br, or I）, together with an isomorphous analogue 
［Δ-（–）-Co（en）3·Δ-（+）-Rh（en）3］X6, were reported.9） 

These early investigations relied solely on solution-phase 
optical rotation measurements; consequently, the absolute 
configurations of the constituent complexes remained 
undetermined. A decisive advance was achieved in 1969, 
when Andersen and co-workers assigned the absolute 
configurations of octahedral ［M（en）3］Cl3 complexes （M 
= Co, Cr, and Rh） by powder X-ray diffraction.10） Their 
structural assignments enabled the subsequent elucidation 
of the absolute configurations of quasiracemates 
assembled from quasi-mirror-image pairs of these 
complexes.

Throughout the 1970s, Herpin and co-workers further 
expanded this field by reporting the crystal structures of 
［Λ-（+）-Co（en）3·Δ-（–）-Cr（en）3］X6 （X = Cl or SCN）11）,12） 

and ［Δ -（+）-Cr（en）3·Λ -（+）-Rh（en）3］X6,  a long  wi th 
racemic Λ/Δ-（±）-［M（en）3］Cl3 phases.13） Since these 
pioneering contributions, a variety of quasiracemate 
cocrystals incorporating octahedral metal complexes—
Ru（II）/Os（II）,14） Fe（II）/Zn（II）,15） Cd（II）/Zn（II）,15） Co
（III）/Rh（III）,16） and Co（III）/Cr（III）17） —as well as 
square-planar complexes （Ir（I）/Rh（I））18） have been 
synthesized and structurally characterized. Despite these 
advances, broader development of quasiracemate 
chemistry involving coordination complexes has 
progressed only sporadically. The inherent complexity of 
these assemblies—stemming from metal-centered redox 
chemistry, solubility disparities, and ligand dissociation–
association equilibria—has imposed significant 
experimental constraints, thereby limiting systematic 
exploration of these promising yet challenging systems.

We previously synthesized square-planar Pd（II） （S,S）- 
219） and Pt（II） complexes （S,S）/（R,R）-320） bearing the 
optically active Schiff-base ligand （S）/（R）-1 （Fig. 1）, 
and determined their single-crystal molecular structures. 
These chiral square-planar complexes exhibit closely 
analogous molecular geometries and exist in a 
quasienantiomeric relationship.

In this study, we report the preparation of quasiracemic 
cocrystals composed of （S,S）-2/（R,R）-3 or （R,R）-2/
（S,S）-3, together with their X-ray crystal structures. 

These structures are directly compared with those of the 
corresponding racemic crystals of （S,S）/（R,R）-2 and 
（S,S）/（R,R）-3.

２．Experimental

2.1. Preparation of （R,R）-2.
The Pd（II） complex （R,R）-2 was prepared from the 

reaction of （R）-1 with PdCl2 in 70% yield as orange 
powders, according to the published procedure.19） The  
1H and 13C NMR spectra were consistent with those of 
（S,S）-2. Crystallization from CH2Cl2/n-hexane afforded 
single crystals suitable for X-ray analysis.
2.2. �Preparation of quasiracemic cocrystals, （S,S）- 

2/（R,R）-3 and （R,R）-2/（S,S）-3.
A CH2Cl2 solution of （S,S）-2/（R,R）-3 or （R,R）-2/

（S,S）-3 （1:1 ratio） was added with n-hexane at room 
temperature. Upon slow solvent evaporation, cocrystals 
of quasiracemates were obtained as red prisms.
2.3. �Preparation of racemic crystals of （S,S）/

（R,R）-2 and （R,R）/（S,S）-3.
Racemic crystals of （S,S）/（R,R）-2 were obtained from 

an equimolar mixture of （S,S）-2 and （R,R）-2 using the 
same method as for the quasiracemic cocrystals. The 

Fig. 1　 Molecular structures of chiral ligands （S）/（R）-1 and 
square-planar complexes （S,S）/（R,R）-2 and 3.
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preparation of racemic crystals of （S,S）/（R,R）-3 has 
been reported previously.20）

2.4. X-ray Analyses.
Crystals suitable for X-ray diffraction were examined 

using a Rigaku RAXIS-RAPID imaging plate 
diffractometer （MoKα, λ = 0.71073 Å, graphite 
monochromator, ω-scan） or a Rigaku XtaLAB mini II 
benchtop diffractometer equipped with a Mo rotating-
anode generator. Structures of the quasiracemic 
cocrystals （S,S）-2/（R,R）-3 and （R,R）-2/（S,S）-3, and 
racemic crystals （S,S）/（R,R）-2, and chiral crystals （R,R）-2 
were solved using SHELXT21） or OLEX2,22） and refined 
by full-matrix least squares on F2. Non-hydrogen atoms 
were refined anisotropically. Calculations were 
performed using OLEX223） or CrysAlisPro, and ORTEP 
drawings were generated using ORTEP-3.24）

Crystallographic data have been deposited with the 
Cambridge Crystallographic Data Centre as CCDC 
2506305 （（R,R）-2）, 2506306 （（S,S）-2/（R,R）-3）, 
2506307 （（R,R）-2/（S,S）-3）, and 2506308 （（S,S）/（R,R）-2）. 
These data can be obtained free of charge from the 
CCDC via www.ccdc.cam.ac.uk/data_request/cif, or by 
emailing data_request@ccdc.cam.ac.uk.
2.5. �The Cambridge Structural Database （CSD） 

Analysis.
The Cambridge Structural Database （CSD, version 
6.01, Nov. 2025）25） was searched for structures 
corresponding to （SP-4-1）-［Pd（O^N）2］ and （SP-4-1）-
［Pt（O^N）2］ using ConQuest version 2025.3.0.26） 
Selected average bond lengths and angles are 
summarized in Table 3.

3. Results and Discussion

When crystals are formed from a solution containing 
enantiomers, three outcomes are generally possible: 
racemate crystallization, conglomerate formation, or 
generation of a solid solution.27） Racemates are 
predominant, accounting for approximately 90–95% of 
cases.28）,29） In the present system, mixtures of the 
quasienantiomeric pairs （S,S）-2/（R,R）-3 and （R,R）-2/
（S,S）-3 could, in principle, form conglomerates or solid 
solutions owing to solubility differences between the Pd（II） 
and Pt（II） complexes. Nevertheless, slow evaporation 
f rom CH 2Cl 2/n -hexane  reproducib ly  afforded 
quasiracemic cocrystals, whose ORTEP drawings are 

shown in Figs. 2a and 2b. For comparison, Figs. 2c 
and 2d depict the structures of the corresponding racemic 
crystals, （S,S）/（R,R）-2 and （S,S）/（R,R）-3.

Table 1 summarizes the crystallographic parameters 
for the quasiracemates and racemates. Both quasiracemic 
cocrystals crystallize in the monoclinic space group P21 
with Flack parameters of 0.014 and 0.009, confirming the 
correctness of the assigned absolute structures. With the 
exception of the β angle of racemic （S,S）/（R,R）-2—
which is approximately 3o larger—all lattice constants 
are essentially comparable.

As shown in Figs. 2a and 2b, the quasiracemates 
adopt pseudo-enantiomeric arrangements stabilized by 
π–π stacking interactions （3.402-3.475 Å） between 
the naphthalene moieties. Owing to the twofold helical 
axis of P21, two pairs of pseudo-enantiomers reside in 
each unit cell （Z = 2）. In contrast, the racemic crystals 
crystallize in P21/c （2） and P21/n （3）, space groups 
related by axis transformation; the presence of the c-axis 
leads to the occurrence of both enantiomers, giving Z = 4. 
In both racemates, π–π stacking interactions （3.429-
3.442 Å） analogous to those in the quasiracemates are 
observed

Table 2 lists the coordination bond lengths and angles 
for the Pd（II） and Pt（II） complexes, while Table 3 
provides averaged values from relevant entries in the CSD 
（Fig. 3）. The bond metrics of the quasienantiomeric pairs 

are consistent with those of structurally related （SP-4-1）-
［Pd（O^N）2］ and （SP-4-1）-［Pt（O^N）2］ complexes 

reported in the CSD （Fig. 3）. Although the ionic radius 
of Pd（II） （66.3 pm） is slightly larger than that of Pt（II） 
（62.9 pm）,30） this difference （3.4 pm） exerts negligible 

influence on the chelate geometry.
The four-coordinate geometry index τ431） for all 

complexes is approximately 0.03, indicating a nearly 
planar coordination environment with a slight tetrahedral 
distortion. The O–N–O–N torsion angles define the Δ/Λ 
helicity at the metal center （Fig. 4）.32） As expected, the 
racemic crystals contain perfect Δ/Λ enantiomeric pairs. 
In contrast, the Pd（II） and Pt（II） centers within the 
quasiracemates exhibit opposite helicities, and subtle 
differences in O–N–O–N torsion angles generate a 
diastereomeric relationship within the eutectic. The larger 
τ4 values observed for 2 relative to 3 suggest that the Pd（II） 
complexes are more structurally distorted. Notably, τ4 
for 3 in the quasiracemate increases relative to its 
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racemic analogue, approaching the value of 2—
indicating that 3 assumes a geometry more closely 
resembling the mirror-image configuration of 2.

4. Conclusion

In conclusion, this study establishes a definitive 
structural foundation for quasiracemate formation in 
square-planar complexes by elucidating the quasiracemic 
cocrystals derived from the quasienantiomeric pairs 
（S,S）-2/（R,R）-3 and （R,R）-2/（S,S）-3. Single-crystal 
X-ray diffraction analyses unambiguously reveal that 
these heterometallic assemblies adopt pseudo-

enantiomeric packing architectures that closely emulate 
those observed in their true racemic counterparts, 
notwithstanding the intrinsic disparity in metal identity. 
The quasiracemates crystallize in the chiral space group 
P21 with rigorously assigned absolute configurations, 
whereas the fully racemic analogues manifest in 
centrosymmetric phases, thereby underscoring the subtle 
yet consequential interplay between molecular chirality 
and lattice symmetry.

Comparative structural interrogation demonstrates that 
both the Pd（II） and Pt（II） complexes preserve 
coordination metrics that align with established （SP-4-1）-
［M（O^N）2］ structure documented in the CSD. The 

Table 1　 Crystallographic data for quasiracemic cocrystals, （R,R）-2/（S,S）-3 and （S,S）-2/（R,R）-3, and racemic crystals, （S,S）/
（R,R）-2 and（S,S）/（R,R）-3

Table 1. Crystallographic data for quasiracemic cocrystals, (R,R)-2/(S,S)-3 and (S,S)-2/(R,R)-3, and racemic crystals, (S,S)/(R,R)-2 and 

(S,S)/(R,R)-3 

Complex (R,R)-2/(S,S)-3 (S,S)-2/(R,R)-3 (S,S)/(R,R)-2 (S,S)/(R,R)-3a) 

Empirical formula C76H64N4O4PdPt C76H64N4O4PdPt C38H32N2O2Pd C38H32N2O2Pt 
Formula weight 1398.8 1398.8 655.05 743.74 
Temperature/K 173.15 173.15 173.15 173.15
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P21 P21 P21/c P21/n 
a/Å 9.4057(9) 9.4868(4) 9.4793(2) 9.494(2)
b/Å 15.6267(16) 15.6629(7) 15.6520(5) 15.612(4)
c/Å 20.502(2) 20.6265(8) 20.8862(6) 20.663(6)
/° 90 90 90 90
/° 100.985(5) 101.3890(10) 104.5370(10) 101.555(12)
/° 90 90 90 90
Volume/Å3 2958.2(5) 3004.6(2) 2999.68(14) 3000.8(14)
Z 2 2 4 4
calc g/cm3 1.57 1.546 1.450 1.646
/mm-1 2.723 2.681 0.656 4.714
F(000) 1408 1408 1344 1472
Crystal size/mm3 0.26 × 0.23 × 0.22 0.63 × 0.5 × 0.33 0.300 × 0.297 × 0.194 0.34 × 0.18 × 0.16 

Radiation MoK 

( = 0.71073)
MoK  

( = 0.71073)
MoK  

( = 0.71073)
MoK  

( = 0.71073)
2 range for data collection/° 5.986 to 54.966 6.044 to 54.842 6.57 to 54.736 6.578 to 54.898 

Index ranges 
-11 ≤ h ≤ 12
-20 ≤ k ≤ 20
-26 ≤ l ≤ 26

-12 ≤ h ≤ 12
-20 ≤ k ≤ 20
-26 ≤ l ≤ 26

-11 ≤ h ≤ 12
-20 ≤ k ≤ 20
-27 ≤ l ≤ 26

-11 ≤ h ≤ 12
-20 ≤ k ≤ 20
-26 ≤ l ≤ 26

Reflections collected 28669 28912 28634 27791 

Independent reflections 13383 [Rint = 0.0451, 
R = 0.0821] 

13493 [Rint = 0.0458, 
R = 0.0820] 

6831 [Rint = 0.0304, 
R = 0.0240] 

6832 [Rint = 0.0886, 
R = 0.0731] 

Data/restraints/parameters 13383/1/779 13492/1/754 6831/0/390 6832/0/390
Goodness-of-fit on F2 0.958 1.011 1.053 1.062
R1/wR R1/wR 2 [I > 2 (I)] 0.0288/0.0664 0.0335/0.0742 0.0265/0.0619 0.0498/0.0871 
R1/wR [all data] 0.0341/0.0699 0.0405/0.0783 0.0331/0.0644 0.0720/0.0944
Largest diff. peak/hole /  
e Å-3 1.27/-1.31 1.18/-1.26 0.41/-0.47 1.63/-1.67

Flack parameter 0.014(3) 0.009(3) - - 
CCDC No. 2506307 2506306 2506305 1918308

a) See ref. 20.a） See ref. 20.
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marginal difference in ionic radii between Pd（II） and Pt
（II） exerts only a minimal influence on the chelate 

geometry. Nonetheless, nuanced modulations in O–N–O–
N torsion angles impart a diastereomeric relationship 
between the metal centers within the quasiracemates, in 
contrast to the symmetry-mandated Δ/Λ pairs of the 
racemates. Particularly noteworthy is the enhanced 
tetrahedral distortion in Pt（II） complex 3 within the 
quasiracemate lattice, which converges toward that of the 
Pd（II） congener 2, highlighting the structural malleability 
requisite for achieving quasi-mirror-image packing.

Collectively, these findings provide a rare and incisive 
comparison between racemic and quasiracemic 
architectures in coordination chemistry and illuminate 

fundamental principles governing the assembly of quasi-
enantiomeric metal–ligand frameworks. Beyond their 
structural significance, the results delineate new 
conceptual guidelines for the deliberate construction of 
heterometallic chiral solids, thereby opening avenues for 
the rational design of functional materials whose 
properties derive from controlled quasiracemic 
organization.
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quasiracemic cocrystals, （R,R）-2/（S,S）-3 and （S,S）-2/（R,R）-3, and racemic crystals, （S,S）/（R,R）-2 and （S,S）/（R,R）-3 

(R,R)-2/(S,S)-3 (S,S)-2/(R,R)-3 (S,S)/(R,R)-2 (S,S)/(R,R)-3c) 

Bond lengths 

Pd2-O5 1.973(4) Pd2-O5 1.985(5) Pd1-O2 1.9835(13)   

Pd2-O6 1.983(4) Pd2-O6 1.982(5) Pd1-O3 1.9751(13)   

Pd2-N9 2.019(5) Pd2-N9 2.036(7) Pd1-N1 2.0193(15)   

Pd2-N10 2.024(5) Pd2-N10 2.028(6) Pd1-N2 2.0287(16)   

Pt1-O3 1.991(4) Pt1-O3 1.978(5)   Pt1-O2 1.992(4) 

Pt1-O4 1.974(4) Pt1-O4 1.997(5)   Pt1-O3 1.979(4) 

Pt1-N7 2.024(5) Pt1-N7 1.990(6)   Pt1-N4 2.009(5) 

Pt1-N8 2.002(5) Pt1-N8 2.017(6)   Pt1-N5 2.016(5) 

Bond angles 

O5-Pd2-N9 91.52(18) O5-Pd2-N9 89.6(2) O2-Pd1-N1 89.95(6)   

O5-Pd2-N10 89.09(19) O5-Pd2-N10 89.8(2) O2-Pd1-N2 89.60(6)   

O6-Pd2-N9 89.24(18) O6-Pd2-N9 89.5(2) O3-Pd1-N1 91.33(6)   

O6-Pd2-N10 90.23(19) O6-Pd2-N10 91.2(2) O3-Pd1-N2 89.19(6)   

O5-Pd2-O6 177.24(16) O5-Pd2-O6 177.3(2) O2-Pd1-O3 177.42(6)   

N9-Pd2-N10 178.06(18) N9-Pd2-N10 178.1(3) N1-Pd1-N2 178.09(6)   

O3-Pt1-N7 90.67(19) O3-Pt1-N7 92.4(2)   O2-Pt1-N4 88.81(19) 

O3-Pt1-N8 89.05(17) O3-Pt1-N8 88.3(2)   O2-Pt1-N5 90.76(19) 

O4-Pt1-N8 92.03(18) O4-Pt1-N8 90.9(2)   O3-Pt1-N4 91.8(2)   

O4-Pt1-N7 88.33(19) O4-Pt1-N7 88.4(2)   O3-Pt1-N5 88.7(2)   

O3-Pt1-O4 177.47(16) O3-Pt1-O4 177.5(2)   O2-Pt1-O3 178.06(19) 

N7-Pt1-N8 178.11(19) N7-Pt1-N8 178.3(3)   N4-Pt1-N5 178.0(2)   

Torsion angles 

O5-N9-O6-N10 3.16 () O5-N9-O6-N10 -3.02 () O2-N1-O3-N2 ±3.00 (/)   

O3-N7-O4-N8 -2.89 () O3-N7-O4-N8 2.68 ()   O2-N4-O3-N5 ±2.65 (/) 

Four-coordinate geometry index 4 

0.033 for (R,R)-2 0.033 for (S,S)-2  0.032   

0.031 for (S,S)-3 0.030 for (R,R)-3    0.028 

 a）τ4 = （360° - （α+ β ））/141,α = O-M-O,  β = N-M-N. b） see ref. 31. c） see ref. 20.

Table 3　 Average bond lengths （Å） and average bond angles （deg）, and average torsion angles （deg） of （SP-4-1）-［Pd（O^N）2］ 
and ［Pt（O^N）2］ complexes in CSDa）

 

Table 3. Average bond lengths (Å) and average bond angles (deg), and average torsion angles (deg) of (SP-4-1)-[Pd(O^N)2] and [Pt(O^N)2] complexes in CSDa) 

Complex Average bond lengthsb) Average bond anglesb) Average torsion angleb,c)  

(SP-4-1)-[Pd(O^N)2]d) Pd-N 2.019 (0.020), Pd-O 1.983 (0.012) O-Pd-N 91.27 (1.52),e) O-Pd-N 88.77 (1.59),f)  

O-Pd-O 178.66 (2.28), N-Pd-N 178.60 (2.17) 

O-N-O-N 1.75 (99 complexes have 0o) 

(SP-4-1)-[Pt(O^N)2]g) Pt-N 2.011 (0.015), Pt-O 1.993 (0.015) O-Pt-N 92.28 (0.91),e) O-Pt-N 87.85 (0.99),f)  

O-Pt-O 177.12 (2.20), N-Pt-N 177.70 (3.08) 

O-N-O-N 4.04 (18 complexes have 0o) 

a) CSD ver. 6.01 (Nov. 2025) was used. b) The numbers in parentheses are standard deviations. c) Absolute average values. d) 174 data for (SP-4-1)-[Pd(O^N)2]. e) Bond angles formed by one 

O^N ligand. f) Bond angles formed by two O^N ligands . g) 125 data for (SP-4-1)-[Pt(O^N)2]. 

 

 

 

a）  CSD ver. 6.01 （Nov. 2025） was used. b） The numbers in parentheses are standard deviations. c） Absolute average values. d） 174 data for （SP-4-1）-
［Pd（O^N）2］. e） Bond angles formed by one O^N ligand. f） Bond angles formed by two O^N ligands . g） 125 data for （SP-4-1）-［Pt（O^N）2］.
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概　　要
キラル金属錯体の準エナンチオマー対から形成される準ラセミ化合物は，分子のキラリティーと固体状態
のパッキングとの関係を調査するためのプラットフォームを提供する。本研究では，光学活性シッフ塩基配
位子を有する平面四角形 Pd（II）および Pt（II）錯体（S,S）-2/（R,R）-3および（R,R）-2/（S,S）-3からなる準ラセミ共
結晶の合成と単結晶 X線構造解析について報告する。CH2Cl2/ヘキサン溶液からの低速溶媒蒸発により赤色
プリズムが得られ，キラル空間群 P21 とする絶対配置で結晶化した。一方，（S,S）/（R,R）-2および（R,R）/（S,S）-3
のラセミ結晶は中心対称配置（P21/c, P21/n）をとる。構造解析により，配位子間の π–π相互作用によって安
定化された擬似エナンチオマーパッキングが明らかになり，金属中心が異なるにもかかわらず，ラセミ体の
配置を厳密に模倣する。配位構造はケンブリッジ構造データベースの（SP-4-1）-［M（O^N）2］ （M = Pd, Pt）と一
致しており，Pd（II）と Pt（II）のイオン半径の差はキレート骨格にほとんど影響を与えない。O–N–O–Nねじ
れ角の微妙な変化は，準ラセミ体内部にジアステレオマー関係をもたらし，準鏡像パッキングに必要な構造
適応性を反映している。本研究は，平面四角形金属錯体のラセミ体と準ラセミ体の集合体間の稀有かつ厳密
な比較を提供し，制御された格子対称性と潜在的な機能特性を有するヘテロ金属キラル固体の設計指針を確
立する。

光学活性 Schiff 塩基配位子を伴った
Pt(II) 錯体と Pd(II) 錯体との準ラセミ共結晶

池下　雅広，津野　孝
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