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Abstract: The unique dynamic configuration of an enantioselective 
chiral-at-metal catalyst based on Rh(III) and a non-chiral tetradentate 
ligand is described and resolved. At room temperature, the catalyst 
undergoes a dynamic configuration process leading to the formation 
of two interconvertible metal-stereoisomers, remarkably without 
racemization. Density functional theory (DFT) calculations indicate 
that this metal-isomerization proceeds via a concerted transition state, 
which features a trigonal bipyramidal geometry stabilized by the 
tetradentate ligand. Furthermore, the resolved enantiopure complex 
shows high catalytic enantioinduction in the Friedel-Crafts reaction, 
achieving enantiomeric ratios as high as 99:1. 

The efficiency of chiral metal catalysts hinges on design. 
Traditionally, chiral transition metal catalysts have relied on chiral 
ligands,[1] but a more recent approach positions the metal itself as 
the primary source of chirality.[2] In this strategy, the metal cation 
is surrounded by achiral ligands and is the exclusive stereogenic 
element. Due to the structural simplicity coupled with the smart 
design of the chiral pocket, chiral-at-metal catalysts hold 
enormous potential in order to expand the scope of chiral catalysis 
and its implementation in asymmetric synthesis.[2] 
The main challenge in chiral-at-metal catalysts lies in achieving 
high configurational stability at the stereogenic metal center, even 
in the presence of labile ancillary ligands that are essential for the 
eventual interaction of the substrate with the metal center and its 
activation. Only a few stable catalysts with labile ancillary ligands 
are known (Scheme 1). Most are based on octahedral complexes 
with d6 transition metals and two inert bidentate ligands that exert 
the stereogenic control at the metal center, effectively precluding 
racemization processes. Intriguingly, the development of chiral-
at-metal catalysts with metal-isomerization-mediated dynamic 
configuration[3] remains an unexplored avenue.  
Early studies on stable chiral-at-metal catalysts typically 
employed metal complexes bearing two neutral bidentate ligands 
(I).[4] Unfortunately, these catalysts generated limited 
enantioselectivity. Nevertheless, in 2014, Meggers and coworkers 
developed well-defined chiral-at-metal catalysts (II) with two 
monoanionic chelate ligands,[5] proving that enantioselectivities 
exceeding 95:5 could be attained in a wide range of reactions, 
including Lewis acid[6] and redox[7] catalysis. Grubbs and Hartung  
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Scheme 1. Stable chiral-at-metal catalysts. 

discovered that a monoanionic chelate carbene ligand could 
stabilize the configuration at a ruthenium center (III).[8] 
Subsequently, Meggers et al. designed a new class of chiral-at-
metal octahedral catalysts based on Ru(II) and Fe(II) (IV) with two 
neutral non-symmetric pyridine-carbene ligands that efficiently 
transfer chirality.[9] To the best of our knowledge, only two types 
of chiral-at-metal catalysts with polydentate ligands have been 
reported. In 2020, Sihonoya and coworkers introduced the Zn(II) 
complex V bearing a tridentate monoanionic ligand with a robust 
configuration that exhibited high enantioinduction in Diels-Alder 
reaction.[10] In 2018, our group developed the Rh(III) solvate VI 
with a tripodal tetradentate ligand.[11] In this case, the inert 
κ4C,N,N′,P coordination of the ligand ensures the configuration 
stability at the metal, enabling it to efficiently induce chirality. 
Herein, we report on the chiral-at-rhodium solvate complex 
[Rh(κ4C,N,O,P-LO)(NCMe)2][SbF6] (5) (Scheme 2), which exhibits 
a dynamic configuration compatible with the stereogenic metal 
information. After resolving 5, its activity as a catalyst of the 
Friedel-Craft reaction has been assessed, observing 
enantiomeric ratios up to 99/1. 
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The reaction of the trichorido rhodium complex [RhCl3(κ3N,O,P-
HLOH)] (1) with 1 equiv of NEt3 in acetonitrile at 60 ⁰C resulted in 
the formation of the tetracoordinate rhodium complex 
[RhCl2(κ4C,N,O,P-LOH)] (2) in good yield (Scheme 3). In the NMR 
spectra of 2 only one set of signals is observed. Indeed, the 
31P{1H} NMR spectrum displays a doublet at 34.21 ppm (1JRh-P = 
141.2 Hz). In 1H NMR spectrum, the OH group coordinated to the 
rhodium appears at 16.18 ppm, at 5.6 ppm lower field than in the 
free ligand.  

Rh
N

P

HO

Cl Cl
+

21

Rh N

Ph2P

HO

Cl
Cl

RhN

PPh2

O
Cl

3

NEt3

MeCN
Rh

N

P
Cl Cl

Cl
HO

92% of yield

molar ratio 2:3, 94:6  

Scheme 3. Synthesis of the chlorido complexes 2 and 3. 

The IR spectrum of 2 contains a broad band at 3474 cm-1 
assigned to the OH stretching.[12] The three methylene groups 
resonate (1H) as diastereotopic protons: (CH2)O at 6.92 and 3.22 
ppm, (CH2)P at 6.92 and 3.74 ppm, and (CH2)C at 4.03 and 3.34 
ppm. The 13C{1H} NMR signal at 156.64 ppm (dd) with 1JRh-C = 
30.1 and 2JP-C = 10.3 Hz confirms the C−Rh bond in complex 2. 
The observed nuclear Overhauser effect (NOE) pattern indicates 
a P−Rh−O trans disposition for 2. 

 

Figure 1. X-ray structure of 2. Except for OH, H atoms are omitted for clarity. 

The crystal structure of 2[13] reveals the stereogenic rhodium in an 
octahedral geometry, with our coordinating atoms of LOH and the 
chlorido ligands occupying two cis coordination sites (Figure 1). 
The coordinated phosphorus atom is trans to the oxygen atom 

O(1), while the chlorine atoms Cl(1) and Cl(2) are trans to N(1) 
and C(29), respectively. The Rh−Cl(2) bond length (2.4923(12) Å) 
is larger than Rh−Cl(1) (2.3587(11) Å) reasonably due to the 
different trans influence of N(1) vs. C(29). The rhodium-oxygen 
bond in 2 [Rh−O(1), 2.191(3) Å] is a little longer than in 
[RhCl2(salcen)] (Rh−O, 2.143(3) Å; salcen = trans-1,2-
diaminocyclohexane-N,N′-bis(3,5-di-tert-butylsalicylidene),[14] 
suggesting a dative ligation mode. 
Complex 2 precipitates from the reaction medium together with a 
minor amount of 3 (about 6%) (Scheme 3 and SI). NMR analysis 
of the mixture of 2 and 3 in the presence of HCl suggests the 
establishment of the equilibrium reaction 2 × 2 ⇄ 3 + HCl (SI). 
Remarkably, complex 2 exhibits exceptional stability, even in the 
presence of an excess of HCl, highlighting the robustness of the 
Rh−C bond.[15] 

1) 2 AgSb6,
 MeCN

2) NaHCO3

Rh
N

P

O

MeCN NCMe

+

2 AgSb6,
 MeCN

Rh
N

P

HO

Cl
Rh

N

P

HO

MeCN NCMe

2+

Cl

2                                                              4                                       5

Rh
N

P

O

MeCN NCMe

+

+

NaHCO3

5

molar ratio 4:5, 70:30

 

Scheme 4. Synthesis of the solvato complexes. 

To enable two accessible coordination sites in the chiral-at-
rhodium catalyst, the dichlorido complex 2 was treated with 
AgSbF6 in acetonitrile (Scheme 4). The reaction yields a mixture 
of [Rh(κ4C,N,O,P-LOH)(NCMe)2][SbF6]2 (4) and [Rh(κ4C,N,O,P-
LO)(NCMe)2][SbF6] (5) (molar ratio 4:5, 65:35), with the 
protonated and deprotonated RhOH fragment, respectively. 
When NaHCO3 was added to the initial reaction mixture or to the 
mixture of 4 and 5, only complex 5 was obtained (see SI). Upon 
crystallization of 4 in THF/Et2O, single crystals of 4’ were obtained, 
instead (Figure 2). Complex 4' shows an octahedral geometry of 
the metal center, with the rhodium atom coordinated by the ligand 
(κ4C,N,O,P)-LOH, an acetonitrile group, and a water molecule that  

 

Figure 2. X-ray structure of solvate 4'. Except for OH and coordinated water, H 
atoms are omitted for clarity. 
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replaces the initial MeCN molecule in 4. The O(1) atom, trans to 
P(1), has a bond length to Rh(1) (2.146(4) Å) between 
Rh−O(phenoxo) bond lengths in 2 (2.191(3) Å) and 3 (2.1258(13) 
Å). Henceforth, our investigations primarily centered on 5, which 
was isolated with a 94% yield. 
In CD2Cl2 at room temperature, the 31P{1H} spectrum of 5 shows 
a broad signal at 33.0 ppm. At -30 ºC, a single sharp doublet 
centered at 34.01 ppm (d, 1JRh-P = 121.7 Hz) is observed. At the 
same temperature, the proton spectrum presents a unique set of 
well-defined signals. NOESY experiments confirm that trans 
disposition of the oxygen and phosphorus atoms of the doubly 
deprotonated ligand (κ4C,N,O,P)-LO. Intriguingly, EXSY (1H-1H) 
experiments indicate that the MeCN ligand trans to the carbon (s, 
1.84 ppm) exchanges with free acetonitrile (s, 2.05 ppm), 
suggesting that complex 5 might serve as a catalytic precursor.  
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Scheme 5. (S)-Salicyloxazoline mediated resolution of complex 5 and X-ray 
structure of diastereomer SC,A-6. 

The racemic complex 5 (rac-5) has been resolved using the chiral 
auxiliary (S)-2-(4-isopropyl-4,5-dihydrooxazol-2-yl)phenol ((S)-
salicyloxazoline), following the methodology outlined in Scheme 
5. At room temperature, treatment of rac-5 with 10 equivalents of 
(S)-salicyloxazoline in the presence of NaHCO3 (4 equiv) in 
acetone leads to the formation of only one new metal complex, 
namely 6 (Scheme 5, top). Compound 6 exhibits a sharp 31P NMR 
doublet at 21.14 ppm (JRh-P = 140.6 Hz). In addition, unreacted 
complex 5 is detected, accounting for 53% of the total initial 
sample. After 48 hours of refluxing in acetone, the composition of 
the mixture remains constant still presenting the molar ratio 5:6, 
53:47. The constant ratio of 5 and 6 in the presence of a large 
excess of (S)-salicyloxazoline (10 equiv) (Scheme 5, top) 
demonstrates the exclusive formation of 6 and suggests that 
solvate complex 5 does not undergo racemization at the 
stereogenic metal center. Hence, the unreacted compound 5 is 
expected to be enantioenriched.  
In agreement with the experimental data, DFT calculations at the 
B97D3/def2svp level reveal that 6 is 4-8 kcal-mol-1 more stable 
than other potential isomers (I-VII, Figure SI-7). A thorough 
examination of the calculated structures of 6 and its isomers 
revealed that the reduced steric congestion at the metal center in 
6 might cause its higher stability with respect to its isomers. 
After alumina gel chromatography separation, compound 6 was 
isolated as a diastereomerically pure crystalline solid with a 40% 
yield (Scheme 5, bottom; see SI).[16] NMR and X-ray diffraction 

studies confirm the presence of a stereogenic rhodium center 
(see Scheme 5, bottom; see SI). In the resulting diastereomer SC-
OC-6-26-6, the absolute configuration at the metal center is 
anticlockwise (A).[17] Noticeably, in diastereomer SC-OC-6-26-A-6 
(SC,A-6), the carbon atom of the ligand (κ4C,N,O,P)-LO lies trans 
to the O(phenoxo) group. This arrangement differs from that found 
in all previous complexes (2-5) and involves the metal-
isomerization process by means of the formal migration of the 
O(phenoxo) group. Given the labile nature of one of the NCMe 
ligands and the nucleophilic oxygen atom in 5, we propose that 
the migration process occurs within the solvate complex 5 before 
its interaction with the chiral auxiliary, as depicted in Scheme 6. 
Upon addition of HCl (7 equiv) at 0 °C, diastereomer SC,A-6, 
yields the enantioenriched dichlorido complex OC-6-25-A-2 (A-2) 
in 94% of yield (Scheme 5, bottom). The subsequent treatment of 
A-2 with AgSbF6 and NaHCO3 in CH3CN results in the formation 
of the optically active solvate complex OC-6-25-A-5 (A-5) 
(Scheme 5, bottom). Notably, the phenoxo group of the ligand 
(κ4C,N,O,P)-LO migrates once again, lying trans to the 
phosphorus atom in complexes A-2 and A-5. 
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Scheme 6. Metal-isomerization process. 

It is important to emphasize that the retention of chirality in chiral-
at-metal complexes is not initially apparent due to the flexibility of 
the coordination geometry, which is enhanced by the lability of the 
ligand-metal bonds. The racemization process is a huge concern 
when dealing with chiral-at-metal catalytic systems, and several 
associative and dissociative mechanisms have been proposed to 
explain racemization at stereogenic metal complexes.[18] In our 
case, despite two labile positions and a migrating phenoxo arm, 
chiral-at-rhodium complex A-5 preserves its chiral information at 
the stereogenic metal. Circular dichroism studies of 
enantioenriched A-5 indicate that, in THF, the racemization of the 
stereogenic metal is not observed, or at least it is not significant 
over 24 hours (SI).  
Considering the striking dynamic configuration at rhodium in A-5, 
we performed DFT calculations at the B97D3/def2svp level to 
gain insight into the metal-isomerization process (Figure 3). In 
agreement with the observed formation of OC-6-25-5, the isomer 
OC-6-35-5 was calculated to be 3.1 kcal·mol–1 less stable than 
OC-6-25-5. Nonetheless, the formation of OC-6-35-5 (as the step 
previous to the reaction with (S)-salicyloxazoline affording 6) is 
accessible and reversible. Indeed OC-6-25-5 should undergo the 
dissociation of the CH3CN ligand trans to the carbon atom 
rendering the square pyramidal intermediate VIII (+4.9 kcal·mol–
1), which in turn isomerizes to the square pyramidal complex IX 
(+7.4 kcal·mol–1) via the transition state TS_VIII-IX (+13.3 
kcal·mol–1) as a result of the non-dissociative migration of the 
phenoxo arm (Figure 3). Finally, the coordination of one CH3CN 
molecule to IX renders OC-6-35-5. Likely, the concerted migration 
process guarantees that no racemization at the stereogenic 
rhodium center may take place. 
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Figure 3. Gibbs free energy profile for the reaction OC-6-25-5  OC-6-35-5 
(kcal·mol–1, B97D3/def2svp, 298 K, 1 atm, CPCM/CH2Cl2). 

We performed a proof-of-concept study to assess the capacity of 
the chiral-at-metal complex A-5 to transfer chiral information in the 
course of a catalytic process. Specifically, A-5 was tested as a 
catalyst in the Friedel-Crafts reaction between NH-indole and 
(2E)-1-(1-methyl-1H-imidazol-2-yl)-2-buten-1-one. The reaction 
requires several hours to achieve satisfactory conversions, with 
enantiomeric ratios of up to 99/1. Interestingly, even when A-5 
was stored in solution for 24 and 72 hours before catalysis (Table 
1, entries 3-5), the efficiency of A-5 to induce chirality was 
observed to be the same. This finding strongly indicates that the 
metal-isomerization process does not involve racemization of the 
stereogenic rhodium center and, therefore, does not impact the 
enantioselectivity of the catalytic outcome. 

Table 1. Friedel-Crafts alkylation catalyzed by A-5a. 

cat (5 mol %)+ N

N

O
HN HN

O

N

N

RT

 

Entry Cat Solv 
Storage 

time (h) 
t (h) 

Conv 

(%)b 
e.r.c 

1 rac-5 EtOAc - 70 67 - 

2 rac-5 THF - 22 93 - 

3 rac-2 THF - 188 - - 

4 A-5 THF 0 22 90 99/1 

6 A-5 THF 24 22 92 98/2 

7 A-5 THF 72 22 91 99/1 

aReaction conditions: catalyst 0.736 mM (5.0 mol %), 2-buten-1-one 18.40 mM, 
and indole 14.72 mM in 3 mL of solvent. bBased on indole. Determined by 1H 
NMR. cDetermined by chiral HPLC. 

In conclusion, we have successfully synthesized and resolved the 
original chiral-at-metal A-5, which exhibits a dynamic 
configuration at rhodium center. Notably, this dynamic 
configuration process takes place at room temperature without a 
lack of chiral information. The transformation is mediated through 
a concerted transition state involving the coordinated 
(κ4C,N,O,P)-LO ligand. The high degree of enantioinduction 
observed, up to 99/1, highlights the potential utility of chiral-at-
metal catalysts based on ligands with labile metal-ligand bonds in 
asymmetric catalysis. 
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Supporting Information.[19-29] 
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The first chiral-at-metal catalyst with a dynamic configuration has been successfully synthesized and subsequently resolved. Both 
experimental and DFT studies show that the stereogenic rhodium center preserves its chiral information. Furthermore, the resolved 
complex provides enantiomeric ratios of up to 99:1 in the catalytic Friedel-Crafts alkylation of indoles. These findings highlight its 
immense potential in asymmetric catalysis. 
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