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Abstract

Dirhodium(II) carboxylates play a central role in catalysis; nevertheless, achieving high
enantioselectivity through the use of external chiral ligands in dirhodium systems has remained
elusive until recent years. While these reports using chiral bisphosphines represent landmark
breakthroughs, the nature of the active species has not been established, and the proposed
coordination modes of phosphines have lacked direct experimental validation. Here, we
unambiguously identify the true active catalyst in the dirhodium(II) tetracarboxylate/chiral
Josiphos-catalyzed carbonyl arylation reaction. Through a rigorous combination of
variable-temperature 'P{'H} NMR (VT-*'P{'H} NMR) spectroscopy, electron spray
ionization high-resolution mass spectrometry (ESI-HRMS), single-crystal X-ray diffraction
(SCXRD), and density functional theory (DFT) calculations, we demonstrate that catalysis
proceeds via an unprecedented additive-assisted cleavage of the Rh—Rh bond. Under the
reaction conditions, the dirhodium(II) core dissociates to form a chiral, orthometalated Rh(III)
complex that constitutes the catalytically competent species. This monomeric species
demonstrates superior reactivity and stereoselectivity compared to intact dirhodium(II), Rh(I),

and alternative Rh(III) complexes, with DFT studies delineating the mechanism and origin of



stereocontrol during C—C bond formation. To the best of our knowledge, this work provides
the first evidence that dirhodium(II) catalysts — which bear acetate as the bridging ligand and
were previously considered resistant to Rh—Rh bond homolysis — can dissociate under
catalytic conditions to generate a chiral, orthometalated Rh(III) species as the true active
catalyst, prompting a revaluation of dirhodium-catalyzed mechanisms and paving the way for

novel asymmetric transformations.

Introduction

Dirhodium(II) tetracarboxylate paddlewheel complexes have found widespread application in
homogeneous catalysis owing to their rigid dinuclear frameworks and the presence of
accessible axial coordination sites.! These complexes are highly efficient catalysts for carbene
and nitrene transfer reactions, oxidation processes, and a range of Lewis acid-mediated
transformations, often displaying excellent regio-, chemo-, and stereoselectivities.>”'> The
electronic and steric properties of the bridging carboxylate ligands, which link the two rhodium
centers, exert a profound influence on both reactivity and stereochemical outcome.''®
Consequently, high levels of asymmetric induction are most commonly achieved through the
use of chiral bridging carboxylate ligands. This strategy, however, requires the synthesis of
discrete, ligand-defined dirhodium complexes prior to catalysis, rendering ligand screening
labor-intensive and time—consuming.l’17 To circumvent these limitations, an alternative
approach involves the use of external chiral ligands capable of coordinating to the axial sites
of an otherwise achiral dirhodium(Il) core; such systems are referred to herein as Typel
complexes (Scheme la). In a seminal contribution, Ma and co-workers demonstrated that
coordination of bulky planar-chiral imidazolium salts derived from [2.2]-paracyclophane to an
achiral dirhodium(II) complex enabled the arylation of aldehydes with phenylboronic acids
with high reactivity but only moderate enantioselectivity (up to 52% ee; Scheme 1b).!* Since

that report, only a limited number of studies have explored asymmetric catalysis using Type I



dirhodium(II) systems, primarily in carbonyl arylation reactions, typically with modest
enantioselectivities and narrow substrate scope.'®? The subdued stereocontrol observed in
these systems has generally been attributed to the substantial spatial separation between the
chiral environment and the reactive metal center, which has in turn curtailed the broader
application of dirhodium(II) catalysts in asymmetric transformations. This behaviour stands in
marked contrast to many other transition-metal catalytic platforms, wherein simple
introduction of an external chiral ligand generates an in situ active species capable of exerting

excellent stereochemical control.?>?>

Recently, Wang and co-workers proposed a new class of dirhodium(Il)/bisphosphine
complexes, denoted Type II, in multicomponent reactions that afford allylic-alkylated products
at ambient temperature (Scheme 1¢).2° In these systems, Type II, the bisphosphine ligand
coordinates at both axial and equatorial positions, giving rise to distinct reactivity patterns
relative to Type I complexes (Scheme 1a). In principle, the closer proximity of the chiral ligand
to the reactive metal center in Type II complexes should enable improved stereocontrol.
However, only very low ees were achieved with chiral bisphosphine ligands, and no direct
experimental evidence was provided to establish Type II as the catalytically active species.
Subsequent studies demonstrated moderate enantioselectivity (up to 88% ee) for indole

substrates, indicating a pronounced substrate dependence.?’
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b) Carbonyl arylation reaction with boronic acid (Ma 2010)'®
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¢) Multicomponent allylic alkylation reaction (Wang 2021)%8
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d) Asymmetric diketone aryation reaction with boronic acid (Gu 2023)28
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Scheme 1. (a) Types of dirhodium(II)/phosphine complexes and prior reports on dirhodium(II)-

catalyzed reactions (b, c, d).

Building on this work, Gu and co-workers reported a highly enantioselective carbonyl arylation
reaction employing an achiral dirhodium(II) catalyst in combination with chiral bisphosphine
ligands, affording a-hydroxy ketones from racemic substituted phenanthrene-9,10-diones in up
to 99 % yield and 96 % ee at 60 °C. (Scheme 1d)*%, a platform subsequently extended by the

9

same group to cascades affording quaternary chiral phthalides,” asymmetric arylation of
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sterically bulky isatins®® and desymmetrization of bicyclic 1,2-diketones.’! This study
represents the first broadly successful example of enantioselective dirhodium(II)-catalyzed
carbonyl arylation and demonstrated the potential of this catalytic platform for extension to

other transformations.?®

Analogous to earlier reports by Wang and coworkers,? the active catalyst was proposed to be
a Typell complex. Although extensive mechanistic investigations—including UV-vis
spectroscopy, high-resolution mass spectrometry (HRMS), and kinetic studies—were
performed, no direct evidence supporting the formation of a Type II species was obtained.
Intriguingly, the substitution of the Rha(OAc)4 precatalyst with a mononuclear Rh(I)/Josiphos
complex or the orthometalated Type III species resulted in markedly diminished reactivity and
enantioselectivity as shown in Scheme 1d, consistent with the complete inactivity of
mononuclear Rh(I) and Rh(III) complexes observed in Wang's system (Scheme 1c).
Collectively, these studies highlight the essential role of the intact Rh—Rh framework. Based
on their preliminary mechanistic investigations, they proposed a catalytic cycle shown in
Scheme 2. The first step involves the conversion of Si1 to the active species S2. Further,
transmetalation with aryl boronic acid generates the complex, S3, which undergoes
stereoselective carbonyl insertion to furnish the arylated product, P and simultaneous
regeneration of either $1/S2.%% In another related study on p-alkenylation of a, S-unsaturated
aldehydes, ees upto 91% were achieved.’? In addition to Types I-III, related TypeIV
complexes (Scheme 1a), in which phosphine ligands bind exclusively in the equatorial plane,
have been reported and shown to be competent catalysts in hydro- and dehydrosilylation

reactions.>>3*
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Scheme 2. Proposed catalytic cycle for the dirhodium(Il)-catalyzed carbonyl arylation

reaction.

Collectively, these studies illustrate how externally added phosphine ligands can adopt multiple
coordination modes under different reaction conditions, leading to distinct dirhodium-based
species as shown in Scheme la. Nevertheless, the identity and role of the putative Type II
complex remain unresolved, and the origins of the high reactivity and enantioselectivity
observed in reactions such as those shown in Schemes 1c and 1d remain unclear. It is important
to distinguish the present system from Rh(I) and Rh(III) dimers that lack a Rh—Rh bond and
are held together solely by labile bridging ligands (Scheme 3a & 3b).33¢ Such systems are
well established and have been shown to catalyze reactions through monomeric species; they
are therefore not directly comparable to the present work (Scheme 3c). Overall, these systems

are mechanistically distinct from dirhodium(Il) tetracarboxylate complexes, which contain a



formal Rh-Rh single bond. Although Rh-Rh bond dissociation is documented for
dirhodium(II) complexes bearing labile triflate bridging ligands,*’* this behavior has been
explicitly shown not to extend to acetate-bridged dirhodium(II) tetracarboxylates. Furthermore,
the dissociated triflate complex has shown to exhibit significantly reduced reactivity, casting
shadow on the nature of the true active species. Comparative studies with phosphine donors
have demonstrated that acetate coordination blocks equatorial site access and thereby prevents
Rh-Rh bond cleavage, in direct contrast to triflate-bridged complexes.*’ Accordingly, the
assumption that the intact dinuclear core in dirhodium(Il) tetraacetate constitutes the active

catalyst has thus persisted by default, rather than by direct experimental verification.

Here we report a comprehensive mechanistic investigation that directly challenges this
assumption. As a representative case, we examined the carbonyl arylation reaction reported by
Gu and co-workers (Scheme 1d) using an integrated experimental and computational
approach.”® We combine variable-temperature 3'P{'H}-NMR (VT-*'P{'H} NMR)
spectroscopy, electrospray ionization high-resolution mass spectrometry (ESI-HRMS), and
density functional theory (DFT) calculations together with the synthesis and single-crystal
X-ray diffraction (scXRD) to interrogate the exact nature of the catalytically active species.
Our results, for the first time, uncover an unexpected transformation under the reaction
conditions that leads to the formation of an elusive catalytic species that has not been previously
recognized in dirhodium(I) chemistry — one whose identity and mechanistic role

fundamentally revise the mechanistic basis of this reaction.
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Scheme 3. (a, b) Ligand-lability-driven dissociation of Rh (I) and Rh (IIT) dimers without Rh—
Rh bonds (c) Ligand and additive assisted Rh—Rh bond cleavage revealing the true active

species in dirhodium(II) catalysis (this work).

Results and Discussion

We began our investigation by evaluating all plausible coordination modes of the Josiphos
ligand to the catalyst dirhodium(II) tetracarboxylate (Rh2(OAc)s4) to identify the most stable
species. The possible active species were optimized using the
SMD toluene:water/ B3LYP-D3(BJ)/6-311++G(d,p),SDD(Rh,Fe)//B3LYP-D3(BJ)/6-31G(d,p),

SDD(Rh, Fe) level of theory in Gaussian 16 software.*!>° All computational details are given
in the supporting information (SI). Our calculations revealed that Type II complexes are indeed
energetically more stable than species featuring monocoordination of the ligand at the

dirhodium(Il) core. Among the Type II isomers, complex Ao - in which one of the bridging



carboxylate ligands dissociates resulting in a k' fashion coordination, with a base occupying
the axial position is stabilized by 48.5 kcal mol™! relative to A1. Since diaxial coordination
blocks the reactive site, A9 is most likely the resting state of the catalyst. The catalytic cycle
progresses by dissociation of one of the ligands upon substrate coordination. Interestingly, the
orthometalated species, A7 is also quite stable, however, in the experiments carried out by Gu
and coworkers, it exhibited reduced reactivity and selectivity for the reaction shown in Scheme
1d.?® Thus, we considered detecting/isolating the Type II species (A9 and other related
complexes) using various spectroscopic methods as discussed below. A general mechanism of

the carbonyl arylation shown in Scheme 2.

A, (0.0) A, (-17.7) A;(-7.0) A, (-35.1)
(\ Py T \f ('\ P1/\C (\ P TJ"\O
Pz——Rh—Rh P,——Rh—Rh Pz——-Rh—Rh Pz——l'\’lh—Rh—G
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As(-37.0) A (-36.7) A, (-41.3) G = H,0, Ag (-27.7)

G = K,CO,, A, (-48.5)
G = PhB(OH),, A (-42.3)

Figure 1. Possible catalytic active species. The relative free energies (kcal mol ') are given at
the SMD toluene:water/ BALYP-D3(BJ)/6-311++G(d,p),SDD(Rh,Fe)//B3LYP-D3(BJ)/6-
31G(d,p), SDD(Rh,Fe) level of theory with relative to A1.

Experimental Studies
SIP{'H} VT-NMR Spectroscopic Studies

The detection and isolation of active species and reaction intermediates in metal catalysis are

inherently challenging and typically require sophisticated mechanistic investigations. In the



present study, *'P{'"H}-NMR spectroscopy serves as a particularly powerful tool for probing
the coordination modes of phosphine ligands. Owing to its wide chemical-shift window and
high sensitivity to changes in the electronic environment, 3'P-NMR enables reliable
differentiation between distinct phosphorus coordination environments. Seminal studies by
Cotton, Chakravarty, Pirano, and Lahuerta have established that *'P{'H}-NMR chemical shifts
are highly diagnostic of ligand binding modes in dirhodium(Il) complexes.’"%* In addition,
because Rh is NMR-active, Rh-coordinated phosphine species can be readily distinguished
from free phosphines or phosphine oxides: the former exhibit characteristic Rh—P coupling
patterns (appearing as doublets, doublets of doublets, or related multiplets), whereas the latter
typically appear as singlets. In general, phosphorus nuclei coordinated at axial positions
resonate upfield, while those bound in equatorial positions resonate downfield, although a
limited number of exceptions to this trend have been reported. Representative examples
illustrating these characteristic upfield and downfield chemical shifts as a function of
phosphine coordination mode with respect to free phosphine ligand are shown in Figure 2,546
Further, a compilation of other known dirhodium(II)/phosphine complexes with their *'P-NMR
chemical shifts is provided in the SI (Section 16 of SI). A similar trend was also observed by
Gu and coworkers in M1 and Mz complexes.?® The P; nuclei of the free chiral Josiphos ligand
initially resonated at 6.1 ppm and shifted to -10.1 ppm upon axial coordination in M1, whereas,
upon equatorial coordination in Mz, it exhibited resonance at 20.1 ppm. Overall, these
observations establish a hallmark for distinguishing the axial versus equatorial coordination of
the phosphine ligand in dirhodium(II)/phosphine systems. Furthermore, Type II species, if

present in the reaction mixture must exhibit resonances close to M (vide infra).
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Figure 2. Seminal reports on dirhodium(II)/phosphine complexes with 3'P{'H}-NMR

chemical shifts.

Thus, we use *'P{'H}-NMR to study ligand coordination dynamics and to identify the active
species catalyzing the carbonyl arylation reaction.?® We begin by taking a 1:2 molar mixture of
dirhodium(II) tetraacetate and the chiral Josiphos ligand in toluene, which was monitored over
a temperature range from room temperature to 80°C as shown in Figure 3. At 40 °C, the
spectrum was dominated by intense signals corresponding to the free Josiphos ligand, with P;
and P> nuclei resonating at 6.1 ppm and -50.3 ppm, respectively. After 2.5 h at 60 °C, two new

intense signals appear at 62.8 ppm (doublet), together with a signal at -41.6 ppm (singlet).
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Based on the axial-equatorial coordination trends of phosphine ligands as discussed above,
these resonances may correspond to a species in which the P; nucleus is equatorially
coordinated to Rh, while the P> nucleus remains uncoordinated, as indicated by its proximity
to the chemical shift of free P> as shown in Figure 3. Upon further heating, new signals, mainly
doublets of doublets (dd) and doublet, appear in the downfield or positive region, indicating
the coordination of Josiphos ligand to the Rh atom. Several pairs of dd signals (highlighted in
the same colour) shared a common second coupling constant, consistent with a P-Rh-P
arrangement in which two chemically inequivalent phosphorus nuclei are coupled via the same
Rh atom (Figure 3). In our spectra, we do not observe any dd signals in upfield or negative
region, unlike the M2 complex. A Type II species if present must resonate at similar chemical
shifts. While it is difficult to assign a structure based on the spectra in Figure 3 alone, it is clear

that there is no complex containing an axially coordinated phosphine to Rh metal.
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Figure 3. Stack plots of variable-temperature (25-80°C) *'P{'H}-NMR of Rh(OAc)4/Josiphos
mixture. Conditions: Rhao(OAc)s4 (0.025 mmol, 1.0 equiv) and Josiphos (0.05 mmol, 2.0 equiv)

were mixed in 0.75 mL of toluene and then transferred to an NMR tube for the analysis.

We next carried out a second *'P{'H} VT-NMR experiment to monitor a reaction as shown in
Scheme 1d in the presence of phenylboronic acid, base and water along with Rho(OAc)s and
Josiphos, but without substrate (Figure 3). Because transmetalation is expected to occur under
these conditions, leading to the formation of a Rh—Ph species, at least one of the doublet of
doublets (dd) signals observed in Figure 3 should exhibit a chemical-shift change. Such
changes would aid in identifying the >'P{'H}-NMR signatures associated with the catalytically
active species. A careful comparison of the resulting *'P{'H} VT-NMR spectrum (Figure 4a)
with the spectrum obtained in the absence of phenylboronic acid (Figure 3) revealed two key
observations: (1) the appearance of new resonances at 44.82 ppm and 65.25 ppm, highlighted
in pink and hereafter denoted as Xz; and (2) the disappearance of resonances at 61.0 ppm and
67.4 ppm, highlighted in blue in Figure 3 and hereafter assigned to Xi. The structural identity
of X1 will be discussed in detail below (vide infra). Notably, all other dd signals remained
unchanged. In addition, some signals (highlighted in grey) were observed that were also
detected during independent *'P{'H}-NMR monitoring of a Rh(I) complex (Figure S8 in SI).
These resonances are therefore most plausibly attributed to a monorhodium(I) species as shown
in Figure 4a. However, monorhodium(I) complexes delivered substantially reactivity and
moderate enantioselectivity as shown in Scheme 1d.?® Taken together, these observations
strongly suggest that X1 serves as a precursor to the transmetalated complex, X2 and represents

the most likely catalytically active species in the reaction.

It is worth mentioning here that Gu and coworkers also reported a *'P-NMR spectrum of the
reaction mixture, exhibiting two dominant peaks at 44.4 ppm and 64.9 ppm (similar to X2),
which were also proposed to correspond to the transmetalated complex as shown in Figure

13



4¢.28 However, the structure proposed is a Type II species with the P> nuclei in an axial position
and the Py nuclei in an equatorial position. Based on our above discussion, it is unlikely that

Type II complex will exhibit resonances in the positive region alone.

Thus far, although we have been able to identify the *'P{'H}-NMR signals corresponding to
the most likely catalytically active species, X1 and its subsequent transmetalated complex, Xz,
the precise structures of these species remained unknown. The observed chemical-shift values
suggest either a species in which both P1 and P2 are equatorially coordinated to a dirhodium
core, or alternatively, a mononuclear Rh(I)/Rh(IIl) complex (Figure4b). To distinguish
between these possibilities and to enable definitive structural assignment, we therefore pursued
the synthesis and isolation of X1 complex, guided by prior reports describing the preparation

of equatorially coordinated dirhodium(II)/phosphine complexes.’?>*+33-57-38
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(c) Proposed transmetalated complex by Gu’s & coworkers??

Figure 4. (a) Control experiment highlighting the formation of proposed transmetalated

complex, monitored by *'P {'H} VT-NMR. Conditions: Rh2(OAc), (0.025 mmol, 25 mol %),

Josiphos (0.050 mmol, 50 mol% ), PhB(OH), (0.25 mmol, 2.5 equiv) and K>COs (0.10 mmol,

lequiv) were mixed in toluene (0.75 mL) and H2O (75 pL), then transferred to an NMR tube

for the analysis. (b) Probable structure of X2 complex. (¢) Transmetalated complex proposed

by Gu and coworkers.?®

Synthesis and Characterization of X1 Complex

15



A 1:1 mixture of commercially purchased TCI dirhodium(II) tetraacetate (Rh2(OAc)4) and
Josiphos with 2.0 equivalent of KCI was heated in anhydrous toluene and acetic acid (10:2,
v/v) under an inert atmosphere at 80 °C for 3.5 h (Scheme 4a). The rationale for the addition of
KCl is discussed below. The reaction mixture was subjected to *'P{'H}-NMR, and similar dd
signals seen in Figure 3 were observed here, too. The resulting orange solid, X1, was isolated,
purified, and fully characterized by *'P{'H} and '"H-NMR, and ESI-HRMS. Red block crystals
suitable for scXRD were obtained via slow vapor diffusion of n-pentane into a saturated toluene
solution of the complex. According to the crystallographic analysis at 150 K, the complex
crystallizes in the Monoclinic P 21 space group. There are two molecules per unit cell (Z=2)
with one solvent molecule toluene with each complex. (Table S2 in SI) From the structural
perspective, X1 is a C—H metalated mononuclear Rh(III) complex, in which the rhodium center
is coordinated to two phosphorus atoms, one carbon atom of the naphthalene ring of ligand L,
and one acetate ligand bound in a bidentate fashion through two oxygen atoms along with one
chloride at sixth coordination site (Scheme 4a). This supports the existence of rhodium as
Rh(III) in the complex. The coordination geometry is distorted octahedral as confirmed from
the SHAPE calculations. (Table S4 in SI) This can also be visualized from the difference in
bond angles among the equatorial donor atoms (£01-Rh1-O2=59.7°, 2P1-Rh1-C17= 84.05°,
£C17-Rh1-O1= 101.96°, £02-Rh1-P1= 114.01°). There is presence of multiple intra- and
intermolecular H-bonding interactions with terminal Cl atom and O atoms from acetate which
stabilizes the structure. DFT calculations further supported this structural assignment, with the
optimized geometry showing excellent agreement with the experimentally determined crystal
structure (Scheme 4b). ESI-HRMS data of X1 complexes were recorded and showed dominant

peaks at m/z = 899.1376 corresponding to a monorhodium complex.

Initial attempts to synthesize X1 were carried out using BLD Pharma Rh2(OAc)4 and Josiphos

without any added chloride source, which afforded X1 in sufficient quantity for characterization
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including ScXRD. However, the yield of X1 was varying across different purchased batches of
BLD Pharma Rh2(OAc)s. ScCXRD data revealed that the electron density map at the sixth
coordination site was best modeled as a chloride ligand, despite the absence of any chlorine-
containing reagents in the synthesis. To confirm this assignment, **C1 NMR spectroscopy of
the isolated X1 complex was performed, which confirmed the presence of chloride with a
resonance at 34.7 ppm (Figure S5 in SI). This unexpected finding prompted us to investigate

the origin of the chloride ligand.

As the starting material for the synthesis of Rho(OAc)s is rhodium(IIl) chloride, RhClz, we
considered the possibility that chloride as an impurity could remain in the commercially
available dirhodium(II) source and be incorporated into the X1 complex. To verify this, we
initially attempted to synthesize the Xi complex using a different commercially available
Rh2(OAc)s from Sigma-Aldrich and TCI Chemicals without any added chloride source.
However, no *'P{'H}-NMR signals corresponding to the X1 complex were observed, whereas

addition of KClI to the TCI Rh2(OAc)4 reaction mixture afforded X1 cleanly.

From our detailed mechanistic investigations (vide infra), we established that phenylboronic
acid and water play a crucial role in driving the formation of the X1 complex. Based on this
insight, we designed three control experiments to further validate the source of chlorine and to

probe the identity of active monorhodium(III) species forming with TCI Rha(OAc)4:
(1) TCI Rh2(OAc)4 alone,

(2) TCI Rh2(OAc)4 with added KCl, and

(3) BLD Pharma Rh2(OAc)4

Comparison of the *'P{'H}-NMR spectra revealed that, in the presence of KCI, signals
corresponding to the X1 complex (yellow diamond), were clearly detected with TCI Rho(OAc)4

(Scheme 4c). In contrast, in the absence of KCI, two new resonances appeared at 57.63 and
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62.54 ppm (red diamond), in the 50-65 ppm region (Scheme 4c). These signals were never
observed in any experiments conducted with BLD Rho(OAc)s. Notably, these signals were
absent in the *'P{'H} VT-NMR spectrum obtained using TCI Rh2(OAc)s in the presence of
phenylboronic acid (Section 5.2, SI), and new signals corresponding to the transmetalated
complex were observed (vide infra). Collectively, these observations indicate that the
resonances at 57.63 and 62.54 ppm most likely correspond to an active monorhodium(III)
species bearing a different ligand instead of chloride or a cationic complex with a counter anion,
and chloride incorporation in the X1 complex most likely originates from the chloride impurity

retained in the commercially sourced dirhodium(II) precursor.

It is important to note that the while the presence of chloride facilitates crystallization, the
identity of this ligand—chloride or otherwise—has no impact on the reactivity or
enantioselectivity of the catalyst, as all commercially available dirhodium(II) precursors
furnished similar yields and ee values (Table S1, entry 11). We would also like to highlight
here that irrespective of the source of the dirhodium precursor, the transmetalated species

remains similar.
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(a) Synthesis of C-H metalated monorhodium(lll)/Josiphos complex
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(b) Structural parameters comparison of X,
Parameters Rh-P; | Rh-P, | Rh-01 | Rh-02 | Rh-CI | Rh-C | «CI-Rh-P, | £01-Rh-P, | 202-Rh-C

Crystal structure 2.28 2.27 2.18 2.25 2.35 2.01 173.73 172.51 161.66

Optimized geometry 2.25 2.31 219 2.27 2.38 2.00 174.64 171.78 163.02

(c) Stacked *'P{'H}-NMR Spectra Revealing the Origin of Chloride in the X,

X,-Cl or X;*
© 62.54 (br, J = 139.7 Hz),
5 57.63 (br, J = 133.6 Hz)
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(2.0 eq.) + PhB(OH), (10.0 eq.)
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Scheme 4. (a) Synthesis of X1 complex. (b) Structural parameter comparison of X1 complex.
(¢) Stack plots of >'P{'H}-NMR of reaction monitored over 4 h to detect the source of chlorine

atom.
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Transmetalation Step

To definitively establish the identity of the X, species observed in Figure 3, X; was subjected to
transmetalation conditions. Treatment of X; with PhB(OH). (2.0 equiv) and K>COs (2.0 equiv) in
toluene (0.8 mL)/H20 (80 puL) at room temperature led to rapid and clean spectral changes, as monitored
by *'P{'H}-NMR spectroscopy. Within 10 min, the dd signals at & 61.42 and 68.54 ppm (yellow
diamond), assigned to X, disappeared completely. Concomitantly, a new pair of dd signals at 6 44.31
and 65.80 ppm (green diamond) emerged, corresponding to Xz (Figure 5). No additional phosphorus-
containing species were detected, consistent with a direct transmetalation event at the rhodium center.
Furthermore, comparison with the 3'P{!H}-NMR spectra in Figures 3 and 4a confirms that only the
signals at 6 61.42 and 68.54 ppm are perturbed upon addition of phenylboronic acid, while resonances
in the more deshielded region remain unchanged, demonstrating that other species — whether

dirhodium or monorhodium — are not involved in this transformation.

ESI-HRMS analysis of X: revealed a dominant peak at m/z 917.1806, consistent with a
monorhodium(IIl) transmetalated complex. Collectively, these data unambiguously confirm that the

resonances at 6 44.31 and 65.80 ppm arise from the transmetalated species Xa.
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Figure 5. Control experiment demonstrating the transmetalation of X1 to X2, monitored by

31P{'H}-NMR and ESI-HRMS spectrometry.

Together with the scXRD analysis of X1, our results demonstrate that X1 and X2 are ortho-

metalated monorhodium(IIl) complexes rather than dirhodium(II) complexes. As discussed

above, while the dissociation of triflate complex is known, the dissociation of the Rh—Rh bond

has not been reported for with acetate as the bridging ligand. We would like to add here that

the dissociation of Rh(I) dimers in the presence of solvents/ligands is quite common in

literature and differs from the dirhodium (II) work discussed here. We next discuss the factors

governing this dissociation under the actual reaction conditions.
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Factors Governing Rh—Rh Bond Dissociation

Further inspection of the 3'P{H} VT-NMR spectra (Figures 3 and 4a) revealed a pronounced
additive effect on the speciation kinetics. In the absence of additives, the diagnostic resonances
assigned to X1 emerge only after ~5 h (Figure 3), whereas in the presence of phenylboronic
acid, base, and water the spectrum is instead dominated by the characteristic signals of X2
within ~2.5 h (Figure 4). Because X1 is the precursor to X2, these observations imply that the
additives accelerate formation of Xi. This, in turn, raises a key mechanistic question: is the rate
enhancement distributed across all additives, or is it driven primarily by a single component or
a specific additive combination?

For a direct comparison, we performed a series of additive-controlled experiments over a 4 h
period (Scheme 5). These studies revealed that the combination of phenylboronic acid and
water (condition A) is primarily responsible for promoting Rh—Rh bond cleavage to generate
X1, whereas the base plays a crucial role in the rapid conversion of X1 into X2 (condition F). In
contrast, Gu and co-workers reported first-order kinetics with respect to phenylboronic acid,
the dirhodium(II) catalyst, and the ligand, and consequently proposed transmetalation as the
rate-determining step.”® Our results, however, point to a different mechanistic scenario.
Because phenylboronic acid and water significantly accelerate Rh—Rh bond dissociation at
60 °C, leading to the formation of X1 within ~2.5 h, the previously observed kinetic dependence
on phenylboronic acid is more plausibly attributed to its involvement in generating Xi rather
than in the subsequent transmetalation step. Consistent with this interpretation, once X1 is
formed, transmetalation proceeds rapidly, occurring within approximately 10 minutes at room
temperature. Collectively, these observations indicate that cleavage of the dirhodium(II) core
to form the catalytically competent monorhodium(Ill) species is the most likely
rate-determining step of the catalytic cycle. These findings further underscore the dual role of

phenylboronic acid in both facilitating Rh—Rh bond dissociation and enabling efficient
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downstream reactivity. While our experiments clearly establish that the dirhodium(II) core
dissociates to form a chiral orthometalated monorhodium (III) species, the detailed mechanism
underlying this transformation remains unclear and will require a further comprehensive
computational and experimental investigation, which will be reported in due course.

I et

h—
ol o~

e e

Q X, detected (*'P {H}-NMR) X, not detected (3'P {H}-NMR) X, detected (3P {TH}-NMR)
l?r Ir
Ar Ar
) P‘ " O
Qi )
>Me Q > Q Rh
|='2 | "'o N
/ CI Ph
nap
. o F. Toluene/H;O (10:1), K,CO,,
) B. Toluene/H,0 (10:1), 60 °C, 4 h 2 2C0s
A. Toluene/H,0 (10:1), PhB(OH);, 20 (10:1) PhB(OH), 60 °C, 4 h

60°C,4h C. Toluene, PhB(OH),, 60 °C, 4 h
D. Toluene, 60 °C, 4 h

E. Toluene/H,0 (10:1), K.CO3,
60 °C,4 h

Scheme 5. Control experiments to delineate the role of additives in dithodium(II) dissociation.

Catalytic Activity of X1 Complex

After elucidating key mechanistic features—including the transmetalation step and the role of
phenylboronic acid and water in promoting Rh—Rh bond cleavage—we next evaluated the
catalytic performance of complex Xi. For substrate 1a (R = Me), the dithodium(II)/Josiphos
system reported by Gu and co-workers delivered the arylated product in high yield and
excellent enantioselectivity (up to 96% ee; Table 1, entry 1).?® In contrast, the corresponding
monorhodium(I)/Josiphos complex exhibited low reactivity with moderate ee (Table 1,

entry 2).2® Remarkably, use of 2.5mol% of the isolated X1 complex resulted in complete
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conversion within 6 h, affording the product in excellent yield and ee (Table 1, entry 3),
whereas the standard dirhodium(II)/Josiphos protocol required 12 h to reach a comparable level
of conversion. These observations are fully consistent with formation of Xi being the
rate-determining step of the catalytic cycle; once generated, Xi rapidly catalyzes the

transformation, establishing it as the true active species.

To further probe the scope of this catalyst, we examined the enantioselective arylation of
phenanthrene-9,10-dione, 1b, a transformation that has not been previously reported with good
enantioselectivity. Under identical conditions, the dirhodium(II)/Josiphos system furnished the
desired product in high yield but with very low ee (Table 1, entry 5). In striking contrast, the
X1 complex afforded complete conversion within 20 min, delivering the product in excellent
yield and high ee (Table 1, entry 4). Other monorhodium complexes were also evaluated under
the same conditions (Table 1, entries 6 &7) showed no appreciable ee, highlighting X1 as a
uniquely effective catalyst for this transformation. A comparison of entries 1 and 5 warrants a
discussion. The lower selectivity in the case of substrate 1b is possibly due to its faster
reactivity. Before the complete conversion of dirhodium to X1, the reaction is being catalyzed
by a dirhodium(II) species itself, which results in good reactivity but poor selectivity. To
rationalize this superior reactivity and stereocontrol, we next carried out a detailed DFT

investigation of the catalytic pathway involving the X1 complex.

Table 1. Comparative catalytic evaluation of X1 and other Rh catalysts

O o, Ho. oH
R [Rh] / Josiphos (L), K,COs,

R O‘ 0 @ Toluene/H,0 (10:1)

1 2 3
1a (R = Me) 3a (R =Me)
1b (R=H) 3b (R=H)
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Yield/ee of 3

entry [Rh] Josiphos Temperature Time (in %)
1 Rh,(OAc), (2.5 mol%) 5.0 mol% 60 °C 12 h 99/96
2 [Rh(C,H,)CI], (2.5 mol%) 5.0 mol% 60 °C - 56/85
3a X4 (2.5 mol%) - 60 °C 6h 94/99
4 X4 (2.5 mol%) - 60 °C 20 min 95/91
5¢ Rh,(OAc), (2.5 mol%) 5.0 mol% 60 °C 8h 97/10
6° [Rh(C,H,)CI], (2.5 mol%) 5.0 mol% 60 °C 8h 97/-
7° RhCl; (2.5 mol%) 5.0 mol% 60 °C 8h 97/-

Entries 1& 2 were taken from Gu’ s work?®, where 1 is 1a. *Conditions: 1a (0.4 mmol), 2 (1.0 mmol), K»COs (0.40
mmol), Toluene (3.0 mL) and H,O (0.3mL). °Conditions: 1b (R = H, 0.1 mmol), 2 (0.9 mmol), K,COs3 (0.1 mmol),
Toluene (0.8 mL), H,O (80 uL). “Conditions: 1b (0.3 mmol), 2 (0.75 mmol), K,CO3 (0.3 mmol), Toluene (2.0
mL), H,O (0.2 mL). n.d. (not detected).

DFT Studies

DFT calculations were carried out to construct a catalytic mechanism consistent with the
experimental observations described above. All calculations were performed using the
phenanthrene-9,10-dione substrate. As discussed above, the X1 complex, with or without a
chloride ligand, yields the same transmetalated complex. Therefore, we initiated our
calculations by considering the cationic B species as the starting complex, also detected by
mass spectrometry, with the vacant sixth coordination site at Rh vacant (Figure 6a). All
stationary  points were optimized using the  SMDoluene:wateryB3LYP-D3(BJ)/6-
311++G(d,p),SDD(Rh,Fe)//B3LYP-D3(BJ)/6-31G(d,p), SDD(Rh,Fe) level of theory.
Additional calculations at a different basis set and functional are given in the SI (Table S9,

S10).

In 2021, Paton, Fletcher and co-workers investigated the mechanism of the Rh(I)-catalyzed
Suzuki—-Miyaura coupling reaction and reported that formation of a Rh—OH intermediate was

a prerequisite for the transmetalation step.®® In contrast, our experimental studies showed that
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the combined addition of PhB(OH)., K-COs, and H.O to the Xi complex furnished the
transmetalated complex, X2, immediately, as confirmed by 3tP{'H} NMR and ESI-HRMS,
with no evidence for the formation of a Rh—OH intermediate. On this basis, three plausible
transmetalation pathways were considered, differing in the nature of the activated
phenylboronic species: (1) via [PhB(OH)3]™, assuming K>COs; and H>O activating the
PhB(OH)> by OH™ group (2) via [PhB(OH)>(OAc)]” with acetate group coordinated to Rh,
activation of PhB(OH), via OAc™ group coordinated to Rh and (3) via [PhB(OH)>(OAc)]™ with
hydroxide coordinated to Rh, activation of PhB(OH), via external OAc™ group (Figure 6a).
Among these pathways, the [PhB(OH)s;]” mediated route exhibited the lowest activation free

energy barrier (AG* = 9.0 kcal mol™) via transition state TS(C-D).

Subsequently, all possible substrate-bound intermediates were evaluated, considering
coordination of potential ligands such as acetic acid, acetate, water, and boronic acid (Figure
S24 of SI). Among these, complex E was found to be the most stable, in which both carbonyl
groups of the substrate are coordinated to the Rh atom, with no ligand coordination. We then
focused on the stereo-determining arylation step. All plausible diastereomeric transition states
(TSs) were evaluated (Figure S25 of SI), and the pathway where only substrate is coordinated
to Rh(III) was found to have the lowest activation barrier (Figure 6a). Nucleophilic attack of
the phenyl group at the carbonyl carbon can occur from either the re or si face, leading to the
formation of the S and R enantiomeric product, respectively, in which the arylated product
remains coordinated to the Rh centre through an oxygen atom. Subsequent protonation releases
the final product. Importantly, extensive conformational sampling was performed for the
diastereomeric transition states to confirm the lowest-energy transition states (Section 16 in
SI). Further, to get better estimate of the energy difference between the lowest diastereomeric
TSs, DLPNO-CCSD(T) calculations were carried out and the difference in free energy between

the competing diastereomeric transition states was found to be 4.3 kcal/mol, corresponding to
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99.7 % ee, which is in good agreement with the experimentally observed 91 % ee at 60°C
(Figure 6¢). To further explain this selectivity, we conducted activation strain analysis (ASA)
on both diastereomeric transition states. In this analysis, the TS is partitioned into two
fragments: the phenanthrene-9,10-dione fragment and the Rh complex fragment, comprising
the remaining portion of the catalytic system (Section17 in SI). ASA reveals that the interaction
energy in TS(E-Fs) is 8.5 kcal mol™ higher than in TS(E-Fr) (Figure 6b). Although TS(E-Fs)
exhibits a 2.3 kcal mol™ higher distortion energy compared to TS(E-Fr), the stronger
interaction between the fragments in TS(E-Fs) compensates for this distortion, resulting in the
major product as S enantiomer. To further quantify these interactions, quantum theory of atoms
in molecules (QTAIM) analysis was done, which revealed stronger noncovalent interactions

such as C—H--O in the lower energy TS(E-Fs) (Figure 6¢).

(a)
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1=2.72(0.76)
2=2.38(1.22)

= 1=2.48 (0.95)
3=248 (1.01) TS(E-Fq) 2=2.50(1.01) TS(E-Fg)
4=250 (0.96) (-11.5) 3=247(1.02) (-7.2)

Figure 6. (a) Free energy profile of the arylation reaction catalyzed via X1 complex. The
relative free energies (kcal mol ') are given at the SMD(oluene:water/B3LYP-D3(BJ)/6-
311++G(d,p),SDD(Rh,Fe)//B3LYP-D3(BJ)/6-31G(d,p),SDD(Rh,Fe) level of theory (values
shown in black) and PCMoluene:water/DLPNO-CCSD(T)/def2-TZVP//B3LYP-D3(BJ)/6-
31G(d,p),SDD(Rh,Fe) level of theory (values shown in blue). (b) Activation strain analysis for
the diastereomeric TSs. (c) The distances are given in A with the electron densities (p x 107
au) in parentheses at the bond critical points. Hydrogen atoms are omitted in the CYL view

images for clarity, except those involved in noncovalent interactions (NCIs).
Conclusion

In summary, we have redefined the mechanistic basis of dirhodium(Il)-catalyzed carbonyl
arylation reactions by identifying a mononuclear rthodium species, rather than a dinuclear
dirhodium(Il) complex, as the true catalytically active entity. Through a comprehensive
combination of variable-temperature *'P{!H}-NMR spectroscopy, high-resolution mass
spectrometry, single-crystal X-ray diffraction, additive-controlled experiments, and density
functional theory (DFT) calculations, we demonstrate that the dirhodium(II) core undergoes

Rh-Rh bond cleavage under the reaction conditions to generate a chiral, orthometalated Rh(I1I)
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complex, Xi1. This complex was further shown to be catalytically competent for carbonyl

reaction where it also exhibited higher reactivity and selectivity for phenanthrene-9,10-dione.

More broadly, this work challenges the prevailing assumption that dirhodium(II) species are
invariably responsible for catalysis in reactions employing bisphosphines ligand. By unveiling
a previously overlooked pathway involving Rh—Rh bond cleavage and orthometalation under
catalytically relevant conditions, our findings fundamentally revise the mechanistic picture of
dirhodium(II) catalysis. We expect that similar active species can also form in other
dirhodium(II) catalyzed reactions with both chiral and achiral phosphines. Additionally, the
chiral orthometalated Rh(III)/bisphosphine complex identified herein represents a previously
unexplored class of chiral Rh(III) catalysts, providing a new platform for the development of
asymmetric transformations beyond carbonyl arylation. We anticipate that these insights will
inform the rational design of future rhodium-based catalytic systems and inspire renewed

mechanistic scrutiny of dinuclear metal catalysts in asymmetric synthesis.
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