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Abstract: Two half-sandwich iridium(III) and rhodium(III) complexes with 11H-indeno[1,2-b]quinoxalin-
11-one oxime (IQ-1) ligand were prepared by the reaction of the proligand with [M(Cp*)Cl2]2 (M = Ir,
Rh) dimers. The reaction between IQ-1 and [Ir(Cp*)Cl2]2 in methanol gave the complex [Ir(Cp*)(IQ-1)Cl]
(1), which crystallized in a centrosymmetric space group as a true racemate. Whereas complex [Rh(Cp*)
(IQ-1)Cl] (2) in the form of a racemic conglomerate was obtained by the reaction of [Rh(Cp*)Cl2]2 and
IQ-1 in methanol. The crystal structures of complexes 1 and 2 (R and S enantiomers) were determined
by X-ray diffraction analysis, and the structural features were compared in order to understand the
structural factors leading to the spontaneous enantiomer resolution of the rhodium(III) complex. In the
crystal packing of 1, intermolecular C–H···C contacts between a pair of enantiomers link the molecules
into centrosymmetric dimers and lead to the formation of heterochiral crystals of 1. In contrast, the
intramolecular contacts CH···Cl and CH···C in complex 2 bind all three ligands around the chiral
Rh(III) metal center. In addition, a combination of intermolecular CH···O and CH···C contacts leads
to the formation of a homochiral supramolecular structure. These interactions altogether reinforce the
spontaneous resolution in complex 2.

Keywords: iridium; rhodium; 11H-indeno[1,2-b]quinoxalin-11-one oxime; IQ-1; chirality; spontaneous
resolution; achiral precursors; racemic conglomerate

1. Introduction

Recently, iridium(III) and rhodium(III) complexes have gained a lot of attention as lu-
minescent agents [1–4], chemo- and biosensors [5–8], biologically active compounds [9–12],
and especially as catalysts [13–15]. Chiral half-sandwich Cp*Ir and Cp*Rh complexes were
successfully applied in asymmetric catalysis, most importantly, the catalytic activation of C–H
bonds [16–19]. The general approach to the synthesis of chiral coordination compounds con-
sists of using enantiopure ligands to obtain complexes of the same absolute configuration [20].
Another approach is exploiting the chirality of the metal center, which can be induced by the
chiral agent to form enantiopure complexes [21]. Both ways require homochiral compounds
(ligands, catalyst, solvent, or chiral inducer that does not directly participate in the reaction).
However, because of the high cost of homochiral compounds and the possibility of their
racemization during the reactions, the synthesis of enantiopure complexes from achiral or
racemic precursors without any chiral condition is a great challenge. Thereby, the spontaneous
resolution upon crystallization of achiral precursors has the potential to advance as an effective
method. The asymmetric arrangement of ligands around a metal center through non-covalent
interactions is a key factor in the spontaneous resolution. Racemic conglomerates contain
equal amounts of left- and right-handed crystals, but individual crystals are homochiral and in
some cases can be separated manually. However, the spontaneous resolution process remains,
to a great extent, unpredictable and examples of Ir(III) and Rh(III) racemic conglomerates
are rare [22–25].
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Recently, we published a series of half-sandwich Ru(II) complexes containing 11H-
indeno[1,2-b]quinoxalin-11-one oxime (IQ-1, Scheme 1) derivatives, which exhibited bi-
ological and catalytic properties [26,27]. All complexes had chiral ruthenium(II) centers
but crystallized in centrosymmetric space groups and thus enantiomer resolution was not
possible. Polycyclic IQ-1 derivatives look promising as ligands in terms of stabilizing the
complexes due to π–π stacking interactions and their biological properties [28–31]. In the
present paper, the IQ-1 ligand was used to prepare new half-sandwich cyclopentadiene
iridium(III) and rhodium(III) complexes, and for the rhodium(III) coordination compound,
a spontaneous resolution of enantiomers was observed.
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2. Results and Discussion
2.1. Synthesis of Coordination Compounds

Iridium(III) and rhodium(III) coordination compounds [Ir(Cp*)(IQ-1)Cl] (1) and
[Rh(Cp*)(IQ-1)Cl] (2) were prepared by the reaction of the oxime IQ-1 (1 equiv.) and
pentamethylcyclopendiene (Cp*) dimers [M(Cp*)Cl2]2 (M = Ir3+, Rh3+, 0.5 equiv.) in
methanol at room temperature (Scheme 1). The products initially precipitated as powders
and single crystals were obtained upon cooling the filtrate.

The compounds were characterized by elemental analysis, IR and NMR spectroscopy
as well as single-crystal X-ray diffraction (SC-XRD) analysis, which revealed that both
compounds had the chemical formula [M(Cp*)(IQ-1)Cl] (M = Ir (1) and Rh (2)).

Single crystals of compounds 1 and 2, suitable for SC-XRD analysis were obtained
by cooling the filtrates of the reaction mixtures at 4 ◦C. Interestingly, the Ir(III) complex
1 crystallized in a centrosymmetric space group as a true racemate, whereas the Rh(III)
complex 2 formed a racemic conglomerate of S-2 and R-2 crystals.

Powder X-ray diffraction (PXRD) analysis was used to evaluate the phase composition
of the obtained powder and crystalline products. For compound 1, PXRD patterns of both
the initial powder precipitate and the crystals formed from the filtrate corresponded very
well to the pattern calculated from the SC-XRD data (Figure S1), confirming the phase
homogeneity of the formed product. For compound 2, PXRD pattern for the crystalline
product was in accordance with the SC-XRD analysis, while several additional peaks were
present in the pattern of the powder product (Figure S2), probably as a result of some
amount of a centrosymmetric phase. Thus, in the case of compound 2, only the crystalline
product was used for further studies.

2.2. Spectroscopic Characterization

IR spectra of the complexes provide evidence for the coordination mode of the IQ-1
ligand in compounds 1 and 2 (Figures S3 and S4). The free oxime ligand exhibits a broad
band at 3200–3250 cm−1, corresponding to O–H stretching vibrations in the oxime func-
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tional group and a band of oxime C=N stretching vibration near 1646 cm−1 [32]. In the IR
spectra of the complexes, the former band was not detected, while the latter was shifted
toward a lower frequency for compound 1 (1610 cm−1) and not changed for compound
2 (1647 cm−1), confirming the coordination of oxime IQ-1 in an anionic form. The bend-
ing vibration bands of the methyl groups in the Cp* ligand were observed at 1479 cm−1

(1) and 1490 cm−1 (2) with a slight shift to the higher frequency compared to the [Ir(Cp*)Cl2]2
(1452 cm−1) and [Rh(Cp*)Cl2]2 (1476 cm−1) dimers. The bands of the Cp* ring vibrations
in complex 1 (968 cm−1) and 2 (1001 cm−1) shifted to a lower frequency relative to the Ir
(1033 cm−1) and Rh (1028 cm−1) precursors.

The coordination mode of the IQ-1 ligand and the formation of a mono-nuclear
complex was also confirmed by 1H NMR spectra of the ligand and complex 1. The 1H
NMR spectrum of IQ-1 in DMSO-d6 displayed a singlet at 13.48 ppm corresponding to
the oxime –OH protons. Four doublets and four triplets associated with the aromatic
protons of the ligand were observed in the range of 7.67–8.53 ppm [32]. On complexation,
the absence of the oxime –OH signal in the 1H NMR spectra of complex 1 indicated the
deprotonation and subsequent coordination of the ligand in an anionic form (Figure S5).
The partially overlapping signals associated with the aromatic protons of IQ-1 in complex
1 appeared within the expected range of 7.60–8.37 ppm with a slight coordination-induced
upfield shift. In addition, one sharp singlet of the methyl protons of the Cp* ligand at
1.70 ppm was found in the spectrum of complex 1 with a slight downfield shift relative
to the starting [Ir(Cp*)Cl2]2 dimer (1.59 ppm). Recording the NMR spectra of complex
2 proved to be impossible due to the negligible solubility of this compound in common
deuterated solvents.

2.3. Crystal Structures of the Coordination Compounds

The Ir(III) complex 1 crystallized from the reaction filtrate at 4 ◦C as red blocks in
the centrosymmetric P21/c space group, the monoclinic crystal system having a single
formula as an asymmetric unit. The structure resembles a typical three-legged piano-stool
geometry. The coordination sphere surrounding the Ir(III) center has distorted pseudo-
octahedral geometry, provided by the three facial sites from the Cp* ring and three other
sites occupied by a chloride anion and two nitrogen atoms of the deprotonated IQ-1
oxime coordinated in a bidentate chelating fashion (Figure 1). The coordination of IQ-1
in an anionic form is in accordance with our previously described series of half-sandwich
arene-ruthenium(II) complexes [26,27]. The five-membered chelate rings have a bite
angle N2-Ir-N3 of 78.63(6)◦, which is close to the values found in arene-ruthenium(II)
complexes with IQ-1 (78.68–79.47◦) [26,27]. The interatomic Ir–N distances involving
oxime and heterocyclic nitrogen atoms are 2.1005(14) Å and 2.1534(17) Å, respectively,
typical for IrCp* complexes with N,N-ligands [33–35]. The distance between the Ir(III)
metal center and the centroid of the Cp* ring is 1.797 Å and the interatomic Ir–Cl distance
is about 2.384 Å.

In crystals of true racemate 1, the heterocyclic oximate ligand IQ-1 is involved in
π–π stacking with an intermolecular distance of 3.342 Å. Moreover, molecules of 1 are
involved in CH···Cl short contacts involving the aromatic rings of IQ-1: C14H14···Cl
(H14···Cl = 2.878 Å, C14···Cl = 3.793 Å, ∠C14–H14···Cl = 162.03◦) and C25H25···O short
contacts involving the oximate group and the methyl group of Cp* (H25···O = 2.352 Å,
C25···O = 3.042 Å, ∠C25–H25···O = 128.85◦). These contacts join the identical enantiomers
into homochiral chains oriented along the a axis (Figure 2).

In the crystal packing of 1, the homochiral chains are linked by CH···Cl short contacts
involving the methyl groups of Cp* ligands, C24H24-Cl (H24···Cl = 2.797 Å, C24···Cl = 3.774 Å,
∠C24–H24···Cl = 174.54◦) and intermolecular C21–H21···C4 contacts (H21···C4 = 3.077 Å,
C21···C4 = 3.766 Å, ∠C21–H21···C4 = 128.57◦, Figure 3). The third type of CH···Cl interactions
involves the methyl groups of Cp* ligands in the adjacent chains of the same absolute
configuration, C21H21···Cl (H21···Cl = 2.657 Å, C21···Cl = 3.629 Å, ∠C21–H21···Cl = 171.31◦).
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Presumably, these multiply interactions stabilize the centrosymmetric crystal packing and
lead to the formation of racemic crystals of 1.
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In contrast to Ir(III) complex 1, Rh(III) complex 2 crystallized as fine orange needles
in a chiral P212121 space group forming a racemic conglomerate. Single crystals of the
individual enantiomers 2 were selected using the microscope with the polarized lighting
(Figure S6). Each isomer from the enantiomeric pair (S-2 and R-2) was structurally char-
acterized independently with Flack parameters −0.028(15) and −0.015(9), respectively,
which are very close to zero within the standard uncertainty, indicative of the correct
absolute structure determination (Figure 4). The asymmetric unit in S-2 and R-2 contains
one molecule. The coordination arrangement of the Rh(III) metal center is similar to the
Ir(III) complex 1 described above.
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Figure 4. X-ray molecular structures of S-2 (left) and R-2 (right). Hydrogen atoms are omitted for
clarity. Atom numbering is shown only for one of the enantiomers.

The five-membered chelate rings had a bite angle N1-Rh-N2 of 79.29◦ and the in-
teratomic distances Rh–N2 and Rh-N1 were 2.160(3) and 2.131(3) Å, respectively, which
were somewhat greater than the corresponding distances in Ir(III) complex 1 and RhCp*
complexes with N,N′-ligands [36–38]. The interatomic Rh–Cl distance was 2.397(9) Å and
Rh–C distances were in the range of 2.137–2.199 Å. The intermolecular interaction pattern
in the crystal structure of complex 2 was quite different from the racemic complex 1. As
shown in Figure 5, in the crystal structure of 2 (S- and R-), the intermolecular CH···C
contacts C23H23···C5 (H23···C5 = 2.728 Å, C23···C5 = 3.688 Å, ∠C23–H23···C5 = 166.33◦) and
C21H21···C8 (H21···C8 = 2.755 Å, C21···C8 = 3.547 Å, ∠C21–H21···C8 = 138.28◦) were formed
between the methyl groups of Cp* ligand and IQ-1 aromatic rings. In addition, intramolecu-
lar C21H21···Cl1 contacts (H21···Cl1 = 2.879 Å, C21···Cl1 = 3.647 Å, ∠C21–H21···Cl1 = 135.80◦)
were observed between the methyl groups of Cp* and the chloride ligands. In addition, a
combination of intermolecular C23H23···C5 and C13H13···O1 contacts (H13···O1 = 2.826 Å,
C13···O1 = 3.089 Å,∠C13–H13···O1 = 65.27◦) led to the formation of a homochiral supramolec-
ular structure. These multiply interactions probably play a key role in the process of the
spontaneous resolution of compound 2.
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3. Materials and Methods
3.1. Starting Materials and Synthetic Procedures

The dimers [Ir(Cp*)Cl2]2 and [Rh(Cp*)Cl2]2 were synthesized following the reported
procedures [39]. The proligand 11H-indeno[1,2-b]quinoxalin-11-one oxime (IQ-1) was
prepared as previously described [40].

[Ir(Cp*)(IQ-1)Cl] (1). A suspension of [Ir(Cp*)Cl2]2 (39,1 mg, 0.05 mmol) in 1 mL of
methanol was added to the suspension of IQ-1 (25 mg, 0.1 mmol) in 1 mL of methanol. The
reaction mixture was stirred at room temperature for 24 h. The red powder formed was
filtered and washed with methanol to yield 45 mg (74%) of 1. The filtrate was stored at 4 ◦C
for 12 h to obtain crystals of 1 suitable for X-ray diffraction analysis. NMR 1H (500 MHz,
DMSO-d6): δ = 1.70 (s, 15H, Me-Cp*), 7.61 (t, 1H, L, J = 7.5 Hz), 7.69 (t, 1H, L, J = 7.2 Hz),
7.92 (t, 1H, L, J = 7.0 Hz), 7.95 (d, 1H, L, J = 7.8 Hz), 8.04 (t, 1H, L, J = 7.0 Hz), 8.22 (t, 2H, L,
J = 6.5 Hz), 8.36 (d, 1H, L, J = 8.2 Hz) ppm. IR (KBr), cm–1: 3435 w, 2987 w, 2956 w, 2918 w,
1606 m, 1508 s, 1479 s, 1421 s, 1385 m, 1356 s, 1309 s, 1253 s, 1201 s, 1155 m, 1130 m, 1068 m,
1026 m, 968 m, 866 w, 800 m, 765 s, 750 s, 719 m, 619 m, 569 m, 461 m. Found (%): C 49.2,
H 3.8, N 6.9; Calculated C25H23N3OClIr (%): C 49.29, H 3.81, N 6.90.

[RhL(Cp*)Cl] (2). A suspension of [Rh(Cp*)Cl2]2 (14 mg, 0.022 mmol) in 0.5 mL of
methanol was added to a suspension of IQ-1 (11 mg, 0.044 mmol) in 0.5 mL of methanol.
The reaction mixture was stirred at room temperature for 24 h. The bright orange powder
that formed was filtered and washed with methanol to yield 12 mg (51%) of 2. The filtrate
was stored at 4 ◦C for 12 h to obtain crystals of 2 (orange needles) suitable for X-ray
diffraction analysis (1.5 mg, 6%). IR (KBr), cm–1: 3145 w, 3028 w, 2802 m, 1641 m, 1604 m,
1577 m, 1510 m, 1490 m, 1466 m, 1427 m, 1340 m, 1325 m, 1307 s, 1203 m, 1155 m, 1124 m,
1063 m, 1001 s, 943 s, 762 s, 735 m, 615 w, 604 w, 590 m, 490 w. Found (%): C 57.6, H 4.3, N
8.5; Calculated C25H23N3OClRh (%): C 57.76, H 4.46, N 8.08.

3.2. Spectral Methods and Elemental Analysis

Elemental analyses were performed on a Vario MicroCube CHN(S) analyzer (Elemen-
tar Analysensysteme GmbH, Langenselbold, Germany). IR spectra were recorded in the
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4000 to 400 cm−1 region on a Scimitar FTS 2000 Spectrometer (Digilab LLC, Randolph,
MA, USA). 1H NMR spectra were recorded on a Bruker Ascend 500 instrument (Bruker
Corporation, Billerica, MA, USA) operating at room temperature (500 MHz for 1H), and
solvent residual peaks were used as internal standards. Powder X-ray diffraction (PXRD)
measurements were carried out using a Bruker D8 ADVANCE diffractometer (Bruker
Corporation, Billerica, MA, USA), Cu-Kα radiation, λ = 1.5406 Å, 2θ range 3–40◦.

3.3. X-Ray Crystal Structure Determination

The single crystal XRD data for 1-2 were collected with a Bruker D8 Venture diffrac-
tometer (Bruker Corporation, Billerica, MA, USA) with a CMOS PHOTON III detector
and IµS 3.0 source (Mo Kα radiation, λ = 0.71069 Å). All measurements were conducted at
150 K, the ϕ- andω-scan techniques were employed. Absorption corrections were applied
with the use of the SADABS program [41]. The crystal structures were solved and refined
by means of the SHELXT [42] and SHELXL [43] programs using OLEX2 GUI [44]. Atomic
thermal displacement parameters for non-hydrogen atoms were refined anisotropically.
The positions of hydrogen atoms were calculated corresponding to their geometrical con-
ditions and refined using the riding model. The crystallographic data and details of the
structure refinement are summarized in Table 1.

Table 1. Crystallographic data of compounds 1–2.

Compound 1 S-2 R-2

Empirical formula C25H23N3OClIr C25H23N3OClRh C25H23N3OClRh
Formula weight 609.15 519.82 519.82
Temperature, K 150(2) 150(2) 150(2)
Crystal system monoclinic orthorhombic orthorhombic

Space group P21/c P212121 P212121
a, Å 8.0606(5) 7.5540(2) 7.5556(2)
b, Å 8.2190(5) 16.0255(4) 16.0214(4)
c, Å 32.182(2) 17.7087(4) 17.7094(4)
α, ◦ 90 90 90
β, ◦ 96.916(2) 90 90
γ, ◦ 90 90 90

Volume, Å3 2116.5(2) 2143.76(9) 2143.75(9)
Z 4 4 4

ρcalc, g/cm3 1.912 1.611 1.611
µ, mm−1 6.458 0.944 0.944

F(000) 1184 1056 1056
Crystal size, mm3 0.064 × 0.08 × 0.008 0.12 × 0.03 × 0.03 0.11 × 0.08 × 0.08

2Θ range for data collection, ◦ 5.1176 to 61.1154 3.428 to 61.120 5.085 to 57.3712

Index ranges
−11≤ h ≤ 11
−11 ≤ k ≤11
−46 ≤ l ≤ 45

−10 ≤ h ≤ 10
−22 ≤ k ≤ 22
−25 ≤ l ≤ 25

−10 ≤ h ≤ 10
−21 ≤ k ≤ 21
−23 ≤ l ≤ 23

Reflections collected 41,035 40,248 38,575
Independent reflections 6502 [Rint = 0.0269, Rsigma = 0.0168] 6556 [Rint = 0.0624, Rsigma = 0.0453] 5524 [Rint = 0.0386, Rsigma = 0.0252]
Restraints/Parameters 0/285 0/285 0/285
Goodness-of-fit on F2 1.097 1.043 1.045

Final R indices [I >= 2σ (I)] R1 = 0.0140,
wR2 = 0.0318

R1 = 0.0310
wR2 = 0.0605

R1 = 0.0174
wR2 = 0.0392

Final R indices [all data] R1 = 0.0153,
wR2 = 0.0322

R1 = 0.0387,
wR2 = 0.0628

R1 = 0.0184,
wR2 = 0.0398

Flack parameter - −0.028(15) −0.015(9)
Largest diff. peak/hole, e·Å−3 0.699/−0.758 1.236/−0.518 0.271/−0.267

4. Conclusions

The bidentate ligand IQ-1, 11H-indeno[1,2-b]quinoxalin-11-one oxime formed neutral
mononuclear complexes with Ir(III) and Rh(III) ions: [M(L)Cp*Cl]. The Ir(III) complex (1)
is racemic and crystallizes in a centrosymmetric space group, while the Rh(III) complex (2)
crystallized in a chiral space group, thus a spontaneous resolution and the formation of a
racemic conglomerate from achiral precursors without a chiral additive had taken place.
The crystal structures of complexes 1 and 2 (R- and S-enantiomers) were determined by
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X-ray diffraction analysis, and the structural features were compared in order to under-
stand the structural factors, leading to the conglomerate formation. The key difference in
the crystal packing of compounds 1 and 2 is the presence of intramolecular interactions
(CH···Cl and CH···C) in complex 2, which bind all three ligands around the chiral metal
center. The chiral molecules of 2, stabilized by these intramolecular contacts, are assembled
into a homochiral supramolecular network by a combination of intermolecular CH···O
and CH···C contacts, leading to the formation of a racemic conglomerate. In the crystal
packing of 1, no specific intramolecular interactions were noted, but multiple intermolec-
ular C–H···C contacts between the chains of enantiomers linked the molecules into the
centrosymmetric ensembles and led to the formation of heterochiral crystals of 1.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/xxx/s1, Figure S1. Experimental and calculated PXRD patterns for complex 1;
Figure S2. Experimental and calculated PXRD patterns for complex 2; Figure S3. FTIR spectrum of
complex 1; Figure S4. FTIR spectrum of complex 2; Figure S5. 1H NMR spectrum of complex 1 in
DMSO-d6 at 500 MHz; Figure S6. Photograph of the single crystals of compound 2 in the passing
polarized light; crystallographic information files (CIF), and checkCIF report files for complexes 1–2.
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