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ABSTRACT: The influence of nuclearity and charge of chiral Rh
diene complexes on the activity and enantioselectivity in catalytic
asymmetric 1,2-additions of organoboron reagents to N-
tosylimines and 1,4-additions to enones was investigated. For
this purpose, cationic dimeric Rh(I) complex [(Rh(1))2Cl]SbF6
and cationic monomeric Rh(I) complex [RhOH2(2)]SbF6 were
synthesized from oxazolidinone-substituted 3-phenylnorborna-
diene ligands 1 and 2, which differ in the substitution pattern at
oxazolidinone C-5′ (CMe2 vs CH2) and compared with the
corresponding neutral dimeric and monomeric Rh(I) complexes
[RhCl(1)]2 and [RhCl(2)]. Structural, electronic, and mechanistic
insights were gained by X-ray crystallography, cyclic voltammetry
(CV), X-ray absorption spectroscopy (XAS), and DFT calcu-
lations. CV revealed an increased stability of cationic vs neutral Rh complexes toward oxidation. Comparison of solid-state and
solution XAS (extended X-ray absorption fine structure (EXAFS), X-ray absorption near edge structure (XANES)) data showed that
the monomeric Rh complex [RhCl(2)] maintained its electronic state and coordination sphere in solution, whereas the dimeric Rh
complex [RhCl(1)]2 exchanges bridging chloro ligands by dioxane molecules in solution. In both 1,2- and 1,4-addition reactions,
monomeric Rh complexes [RhCl(2)] and [RhOH2(2)]SbF6 gave better yields as compared to dimeric complexes [RhCl(1)]2 and
[(Rh(1))2Cl]SbF6. Regarding enantioselectivities, dimeric Rh species [RhCl(1)]2 and [(Rh(1))2Cl]SbF6 performed better than
monomeric Rh species in the 1,2-addition, while the opposite was true for the 1,4-addition. Neutral Rh complexes performed better
than cationic complexes. Microemulsions improved the yields of 1,2-additions due to a most probable enrichment of Rh complexes
in the amphiphilic film and provided a strong influence of the complex nuclearity and charge on the stereocontrol. A strong
nonlinear-like effect (NLLE) was observed in 1,2-additions, when diastereomeric mixtures of ligands 1 and epi-1 were employed.
The pronounced substrate dependency of the 1,4-addition could be rationalized by DFT calculations.

■ INTRODUCTION

The pioneering discovery by Hayashi, Carreira, and Grütz-
macher that chiral alkene and diene ligands enable efficient
stereocontrol in asymmetric catalysis has delivered highly
attractive alternatives to well-known chiral phosphorus and
nitrogen ligands.1−4 A large variety of chiral diene ligands has
been developed since then.4,5 The scope of Rh-, Ir-, or Pd-
catalyzed reactions has been expanded from 1,2- and 1,4-
additions at electron-poor double bonds6 to reductions,7

cycloadditions,8 isomerizations, rearrangements,9 and carbene
insertions into B−H bonds10 among others.11 As far as Rh (and
Ir) catalysis are concerned, the majority of studies has dealt with
dinuclear catalyst precursors [Rh(diene*)Cl]2 or
[(Ir(diene*)Cl]2, while less work has been carried out with

mononuclear Rh complexes. Dimerization of the Rh(diene*)X
fragment has either been suppressed by the use of mono-
phosphines,12 chelating diphosphines such as BINAP (2,2′-
bis(diphenylphosphino)-1,1′-binaphthyl) or MeO-BIPHEP
(2,2′-bis(diphenyl-phosphino)-6,6′-dimethoxy-1′,1′-biphen-
yl),7,13 TADDOL (α,α,α′,α′-tetraaryl-1,3-dioxolan-4,5-dime-
thanol)-derived cyclic monophosphonites,14 or η6-bound
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tetraphenylborates15 and binaphthyldiamines.16 Alternatively,
tridentate chiral diene−phosphine ligands have been employed,
where the phosphine moiety is tethered via an electron-deficient
alkene to the diene, resulting in a chelating coordination mode
that stabilizes the active cationic Rh(I) catalyst.17

Moreover, despite the plethora of known chiral diene ligands
and their use in Rh(I) catalysis, the majority of studies focused
on ligand design, catalytic reactions, and subsequent synthetic
applications.4 The preparative work was complemented by a
small number of reports on nonlinear effects (NLE),18 kinetic
studies,19,21 NMR experiments,18,20 as well as a series of
theoretical investigations.21 Most surprisingly, neither X-ray
absorption spectroscopy (XAS) (to obtain information on the
coordination sphere around rhodium via extended X-ray
absorption fine structure (EXAFS) and information on the
electronic configuration and orbitals of Rh via X-ray absorption
near edge structure (XANES)) nor electrochemical experiments
(to get insight into the redox behavior of the Rh complexes)
have been carried out. Such information will be helpful in the
design of Rh(diene*) catalysts and the suppression of side
reactions.
Recently, we developed novel Rh norbornadiene oxazolidi-

none complexes for catalysis in liquid confinement provided by
nanostructured microemulsions.22 We found that, when
employing slightly polar and diastereomerically pure norborna-
diene oxazolidinone ligands, the catalytic reactions were sluggish
in dioxane and almost ceased in toluene, while microemulsions
markedly improved the conversion and enantioselectivity as well
as reaction rate.
Serendipity helped us to obtain X-ray crystal structures from

the neutral dinuclear complex [RhCl(1)]2 carrying two
additional methyl groups at C-5′ of the oxazolidinone moiety
as well as the neutral mononuclear complex [RhCl(2)] with H
atoms instead of geminal-dimethyl at C-5′ (Scheme 1). Catalytic
1,2-additions suggested that both catalysts not only differ in their
solid-state structure but seem to have different reactivity and

enantioselectivity. Thus, we decided to investigate the perform-
ance of monomeric and dimeric Rh complexes as well as cationic
complexes with respect to asymmetric 1,2- and 1,4-additions in
more detail using both dioxane and microemulsions as reaction
media. In the current manuscript, we report for the first time an
assessment of the catalytic performance of a series of structurally
similar Rh complexes, which differ in their aggregation state and
nuclearity (mono- vs dinuclear and neutral vs cationic). These
complexes have been investigated by X-ray crystal structure
analysis, cyclic voltammetry, XAS, and computational methods.

■ RESULTS AND DISCUSSION

Synthesis and Solid-State Structures of Rh Com-
plexes. The synthesis of the complexes is shown in Scheme 1.
Diene ligands of known (1R,4S,4′R)-configuration 1 and 222

were treated with the commercially available Rh precursor
complex [Rh(C2H4)2Cl]2 in dioxane for 5 h at room
temperature, and the resulting solids were purified by
recrystallization to give a 74% yield of dimeric [RhCl(1)]2 as
deep red needles and 51% of monomeric [RhCl(2)] as yellow
needles, respectively. Both complexes were dissolved in CH2Cl2
and treated with 1 equiv of AgSbF6 at room temperature for
0.5 h. After workup, both the cationic dinuclear complex
[(Rh(1))2Cl]SbF6 and the cationic mononuclear complex
[RhOH2(2)]SbF6 were isolated in quantitative yield as yellow
solids. In addition, the optical antipode of known (1R,4S,4′R)-
configurated ligand 1, i.e., the (1S,4R,4′S)-configurated ligand
ent-1, was treated with the Rh precursor complex as described
above, and the resulting dimeric neutral complex [RhCl(ent-1)]2
was obtained in 73% as red needles.
Crystals of the three Rh complexes suitable for single crystal

X-ray structure analysis were obtained by recrystallization from
Et2O ([RhCl(ent-1)]2) or by crystallization in the cold
([RhOH2(2)]SbF6 and [(Rh(1))2Cl]SbF6) (Figures 1 and S2
and Tables S5 and S6). Relevant geometric data are summarized

Scheme 1. Synthesis of Dimeric and Monomeric Rhodium Complexesa

aNeutral Rh(I) complexes [RhCl(1)]2 and [RhCl(2)] were prepared according to ref 22 and used for comparison and as precursors for the
corresponding cationic Rh(I) complexes.
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in Table 1 and compared with known crystal structures of
[RhCl(1)]2 and [RhCl(2)].22

The cationic monomeric complex [RhOH2(2)]SbF6 crystal-
lized with two conformeric ion pairs in the asymmetric unit. The
norbornadiene double bonds, the oxazolidinone carbonyl
oxygen (C=O), and one water molecule coordinate to the
rhodium center (Figure 1b and Table 1). The cationic dimeric
complex [(Rh(1))2Cl]SbF6 crystallized with one ion pair in the
asymmetric unit. The cationic complex forms dimers, where one
μ-chloro bridge connects both Rh centers. They both coordinate
the norbornadiene double bonds and the oxazolidinone
carbonyl functions (Figure 1a). The neutral dimeric complex
[RhCl(ent-1)]2 ligated by ent-1 crystallized as one neutral
complex in the asymmetric unit (Figure S2 and Table S6). In
agreement with previous results22 interactions of the norborna-

diene double bonds with Rh elongate the C=C bond lengths in
comparison to free ligand (1S,4R,4′S)-1.
The X-ray crystal structure data of all Rh complexes shown in

Scheme 1 enabled the determination of unique structural
features for each complex and identification of differences within
the series. Comparison of the cationic dimer [(Rh(1))2Cl]SbF6
and cationic monomer [RhOH2(2)]SbF6 with the correspond-
ing neutral complexes [RhCl(1)]2,

22 [RhCl(ent- 1)]2, and
[RhCl(2)]22 revealed many similarities (Table 1). However, the
following differences were detected. In the cationic monomer
[RhOH2(2)]SbF6, the distance between the Rh atom and
C8=C9, i.e., the enamide C=C double bond, is significantly
shorter than the distance between the Rh atom and C11=C12,
i.e., the cyclopentene C=C double bond. Only a very small
difference was visible in the neutral monomer [RhCl(2)],22

while the corresponding dimeric complexes possessed similar
distances. In addition, a shorter Rh−Cl distance was observed
for the monomeric complex: [RhCl(1)]2, [RhCl(ent-1)]2 >
[(Rh(1))2Cl]SbF6 > [RhCl(2)].

Electrochemical Investigations of the Rh Complexes.
In order to obtain information on the redox properties and
particularly the redox equilibrium Rh1+ → Rh3+, the electro-
chemical behavior of the Rh complexes was studied by cyclic
voltammetry. The cyclic voltammograms (CVs) (Figures S27−
S30) showed only irreversible processes. However, the
susceptibility toward oxidative deactivation could be inferred
from the onset potential of the oxidation process (Table 2). The
CV of the dimeric Rh−Cl complex [RhCl(1)]2 showed Epa =
0.35 V vs FeCp2 (the internal reference for all potentials
reported herein), the monomeric Rh−Cl complex [RhCl(2)]
showed a shift Epa = 0.53 V, and the CV of the monomeric Rh−
OH2 complex [RhOH2(2)]SbF6 had Epa = 1.59 V, indicating
that monomeric complexes in which the Cl ligands have been
exchanged for water are more resistant to oxidation (entries 1−
3). The CV of the monochloro dimer [(Rh(1))2Cl]SbF6
showed Epa = 1.19 V, which is in between those of the monomer
and the dimer (entry 4).
From the higher redox stability of monomeric Rh complexes

as compared to that of the dimeric counterparts, the following
implications on their catalytic performance might be expected.
Due to the fact that the Rh-catalyzed 1,2-additions to imines and
1,4-additions to enones are redox-neutral, i.e., the Rh1+

oxidation state is maintained throughout the catalytic cycle,24,21d

a higher redox stability of the monomeric complexes should
correlate with a decreased tendency toward catalyst deactiva-
tion, resulting in higher yields.

XAS Investigations of the Rh Complexes. X-ray
absorption spectroscopy (XAS) is particularly important to
understand the behavior and potential structural changes of the
dimeric and monomeric complexes in solution, which is directly
connected to reactivity and selectivity, and XAS measurements
have previously been very useful to give insight into the
structures of Rh-olefin complexes.25 Changes of XANES and
EXAFS spectra from solid to solution should provide evidence
for possible dimer/monomer equilibria or Cl− dissociation.
Thus, we measured XAS spectra at the Rh K-edge of the
monomer [RhCl(2)] and dimer [RhCl(1)]2 both in the solid
state and in 1,4-dioxane (C4H8O2) solution (Figure 2a−d).
The XANES spectra of the monomeric complex [RhCl(2)] in

the solid state and in solution are nearly identical, having an edge
energy that is 4.6(2.3) eV lower than that of Rh foil (Figure 2b).
The edge energy in the XANES spectrum gives information
about the oxidation state of the complex, where complexes in a

Figure 1. Solid-state structures of (a) cationic dimeric Rh complex
[(Rh(1))2Cl]SbF6 and (b) cationic monomeric complex
[RhOH2(2)]SbF6 (only one of the two conformers is shown). Both
complexes possess the (1R,4S,4′R)-configuration. Selected bond
distances and angles are listed in Table 1. For getting better overall
standard deviations of the geometric parameters of the [(Rh(1))2Cl]-
SbF6 and [RhOH2(2)]SbF6 X-ray structures, a severely disordered
Et2O solvate molecule was removed with SQUEEZE as implemented in
PLATON.23
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higher oxidation state typically have a higher edge energy.
However, contrary to what is expected, monomer [RhCl(2)] has
a lower energy than Rh(0). Using ab initio calculated spectra and
local density of states (lDOS, where l = s, p, d, etc.) functions,
contributions from 1s → 4d, 1s → 5p transitions, and ligand p-
orbitals that mainly affect the edge shape were identified (for
details, see the Supporting Information). The XANES spectra of
the monomer suggest that the solution and solid-state structures
are identical. In contrast, the XANES edge energy of the dimeric
complex [RhCl(1)]2 (Figure 2d) in the solid state is 5.0(2.3) eV
lower than that of Rh foil, while in solution, it is 8.6(2.3) eV
lower than that of Rh foil. Therefore, a change of the structure of
the dimeric complex [RhCl(1)]2 upon solvation is assumed.
More information about the structures is available from

EXAFS spectra, which allow the identity of and distance to the
nearest neighbor atoms to be determined. Figure 2a,c shows the
experimental Fourier-transformed EXAFS spectra (R-space) in
both the solid state and solution. First shell structural parameters
obtained from the EXAFS spectra are given in Table 3. The first
coordination shell (1.0−2.5 Å) of the monomer is composed of
four types of scattering paths with four C, one O, and one Cl
neighboring atoms but is dominated by the Rh−C scatter with a
bond length of 2.051(7) Å for the solid sample and 2.055(6) Å
for the solution (Figure 2a and Table 3). The distances are all in

good agreement with the crystallographic values for [RhCl(2)].
The fitted parameters of the solid and solution spectra show no
significant differences.
The EXAFS spectra for the dimer [RhCl(1)]2 in the solid

state and in solution are presented in Figure 2c. The first shell
signal of the solid-state sample is composed of four types of well-
defined scattering paths, dominated by two Rh−Cpaths and one
Rh−Cl path containing four and two backscattering atoms,
respectively. The most important shells for the following section
are those of Rh−Cl with two atoms at 2.44 Å and the Rh−Rh
shell at 2.94 Å, both in very good agreement with the crystal
structure (Table 1: Rh−Cl = 2.4038(6) Å and 2.4090(6) Å, Rh−
Rh = 3.0001(3) Å; detailed results of dimeric samples in Tables
S9 and S10). In the solution spectrum of the dimer [RhCl(1)]2,
the Rh−Rh shell is still present, clearly indicating a dimeric
species in solution. However, the contribution of the Rh−Cl pair
at a distance of 2.483(118) Å is negligible, as it exhibits an
unphysically large Debye−Waller factor. The very large mean
displacement of 0.0453(143) Å2 for the Rh−Cl scatter (Table
S10) suggests that at least one or even both Cl ligands are
removed from the inner sphere of the Rh coordination, as
supported by the very large uncertainty in the Cl coordination
number of ±0.8. In addition, a new Rh−O scattering path is
visible in the solution spectrum at 2.631(7) Å, which is not
found in the solid complex (Table 3).
Based on the combined XANES and EXAFS data, we

conclude that, while the monomeric species [RhCl(2)] has
similar structures in the solid state and in solution, one or both
bridging Cl− ligands are replaced by an O-containing ligand
dioxane upon solvation of the dimeric species [RhCl(2)]2,
resulting in a cationic Rh(I) species. Such a change agrees with
the EXAFS data, in which a Rh−Cl scattering path is replaced by
a new Rh−O bond. This also explains the pronounced shift in

Table 1. Comparison of Selected Bond Distances (Å) and Angles (°) for Rh Complexesa

monomeric complexes dimeric complexes

[RhOH2(2)]SbF6 conformer A [RhOH2(2)]SbF6 conformer B [RhCl(2)]b [(Rh(1))2Cl]SbF6 [RhCl(ent-1)]2 [RhCl(1)]2
b

C8=C9 1.420(14) 1.445(14) 1.423(5) 1.482(8) 1.435(5) 1.429(3)
C11=C12 1.401(16) 1.386(15) 1.392(5) 1.405(8) 1.400(5) 1.397(3)
C8′=C9′ 1.433(9) sym. rel.c sym. rel.c

C11′=C12′ 1.393(9) sym. rel.c sym. rel.c

Rh → C8=C9 2.047(10) 2.049(10) 2.093(4) 2.115(7) 2.097(3) 2.0965(2)
Rh → C11=C12 2.107(10) 2.115(10) 2.070(3) 2.115(7) 2.102(3) 2.1065(2)
Rh → C8′=C9′ 2.063(7) sym. rel.c sym. rel.c

Rh → C11′=C12′ 2.054(6) sym. rel.c sym. rel.c

Rh−Cl 2.3292(9) 2.377(2) 2.4038(9) 2.4038(6)
Rh1−Cl 2.387(2) 2.4082(8) 2.4090(6)
Rh−Rh 3.5173(7) 2.9726(5) 3.0001(3)
Rh → O1 2.071(7) 2.101(7) 2.118(2) 2.081(4) 2.946(3) 2.939(2)
Rh1 → O1′ 2.090(4)
Rh → OH2 2.093(8) 2.086(8)
C=O1 1.213(12) 1.235(13) 1.227(4) 1.216(8) 1.210(4) 1.199(3)
tilt angled −0.7(8) −0.9(8) −0.3(3) −1.1(5) [−0.5(5)] 0.7(3) −0.5(3)
bite anglee 81.4(4) 81.2(4) 81.9(2) 81.9(3) [81.8(3)] 81.2(1) 81.3(1)

aAtom numbering only for comparison. bValues from ref 22. cSymmetry related (sym. rel.), dimeric system generated by the symmetry operator.
dC8−C9−C11−C12 [C8′−C9′−C11′−C12′] defines the tilt angle. eC8−Rh−C11 [C8′−Rh1−C11′] defines the bite angle.

Table 2. Redox Potentials of Cationic and Neutral Rh
Complexes

entry complex Epa (oxidation) Epc (reduction)

1 [RhCl(2)] 0.53 V −2.12 V
2 [RhOH2(2)]SbF6 1.59 V −1.93 V
3 [RhCl(1)]2 0.35 V −1.93 V
4 [(Rh(1))2Cl]SbF6 1.19 V −1.71 V
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XANES spectrum of the dissolved dimer [RhCl(1)]2, since a
cationic species would result in bond contraction of the
remaining ligands and thus increased mixing of the ligand p-
orbitals with the Rh 4d-orbitals. Additionally, one could
rationalize this shift as being due to exchange of a negatively
charged Cl− by dioxane, a higher-field ligand, leading to a more
electron-rich Rh center, despite the positive charge.
DFT calculations at the B3LYP/def2-SVP-D3(BJ) level

support this assumption. The replacement of chlorine by
solvent molecules can directly be modeled. If one chloride is
replaced by a water molecule to give [(Rh(1))2Cl·OH2]

+, the
complex opens somewhat, and the Rh−Rh distance increases
f rom 3.297 Å in [(Rh(1))2Cl]+ to 4.128 Å in
[(Rh(1))2Cl·OH2]

+. The water attaches preferentially to one
Rh (O−Rh = 2.187 Å) with a larger distance to the other Rh
(3.704 Å). A similar situation was found with dioxane instead of
water. Replacement of both chloride ions by water results
effectively in the dissociation of the dimer in two monomers
[RhOH2(1)]

+ with a Rh−Rh distance of 4.432 Å. Thus, one
chloride ion is more likely to be exchanged for a solvent
molecule than both in solution.

Catalytic 1,2-Additions. With the information on the
structural features (from X-ray), stability toward oxidative

Figure 2. XAS spectra in both solution and solid state of the monomer [RhCl(2)] (a, EXAFS R-space spectra) (b, XANES) and dimer [RhCl(2)]2 (c,
EXAFS R-space spectra) (d, XANES). XANES spectrum of a Rh(0) foil is shown as reference. The edge positions, EXAFS data in k-space, as well as the
best fits are shown in Figures S4 and S5.

Table 3. First Shell Coordination Numbers (N) and
Distances of [RhCl(2)]a and [RhCl(1)]2

a

solid solution

path N R + ΔR (Å) N R + ΔR (Å)
solid −
solution

monomer
Rh−O 2.2(5) 1.893(15) 1.3(2) 1.866(14) 0.027(29)
Rh−C 3.5(2) 2.051(7) 2.9(2) 2.055(6) −0.004(13)
Rh−Cl 0.7(1) 2.251(6) 0.7(1) 2.248(12) 0.003(18)
Rh−C 3.4(4) 2.530(9) 2.8(4) 2.491(10) 0.039(19)
dimer
Rh−C 1.0(1) 1.804(4) 1.0(1) 1.799(7) 0.005(11)
Rh−C 2.4(1) 2.094(3) 2.4(1) 2.079(4) 0.015(7)
Rh−C 2.4(1) 2.228(5) 2.3(1) 2.191(6) 0.037(11)
Rh−C 1.9(1) 2.409(7) 2.0(1) 2.311(8) 0.098(15)
Rh−Cl 2.1(1) 2.439(3) 2.0(8) 2.438(118) −0.044(121)
Rh−O - - 2.0(1) 2.631(7) -
Rh−Rh 0.8(1) 2.924(10) 0.7(1) 2.925(12) 0.017(22)
aObtained by EXAFS fitting of samples of monomeric [RhCl(2)] and
dimeric [RhCl(1)]2 in powder and in solution and calculated
differences. For fitted E0 and SO2 parameters as well as the statistical
evaluation of the fits, see the Supporting Information and Table S11.
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decomposition (from CV), coordination sphere (from EXAFS),
and oxidation state (fromXANES) of the Rh complexes in hand,
we compared their catalytic activity and enantioselectivity by
using the 1,2-addition of triphenylboroxine 3 to 4-chlorobenzy-
lidene-N-tosylimine 4 as a benchmark reaction. The compara-
tive catalytic studies should answer the following questions: (a)
does the catalytic performance differ between in situ formed and
isolated complexes; is the catalytic activity and selectivity
dependent on (b) the nuclearity or (c) the charge of the catalyst;
(d) is there any beneficial influence of nanostructured solvents
(i.e., microemulsions) as compared to conventional solvents
such as dioxane?
First, a series of experiments were performed in dioxane

(Table 4). Thus, triphenylboroxine 3 was treated with 4-
chlorobenzylidene-N-tosylimine 4 in the presence of 0.2 equiv
of KOHwith a catalyst loading of 5 mol % [Rh] for 24 h at 60 °C
to give product N-tosylamine 5 after column chromatography
on silica. A comparison of the results in Table 4 reveals that the
method of catalyst preparation had almost no impact on yields
and enantiomeric ratios (entries 1−6). For the following
experiments, isolated complexes were employed.
Yields differed only little between the different Rh complexes

in dioxane giving N-tosylamine 5 in 54−70% (entries 2, 4, 6, 8)
except for cationic dimeric complex [(Rh(1))2Cl]SbF6, which
provided 5 in only 39% (e.r. 95:5, entry 7). The
enantioselectivity was affected to some extent by the type of
catalyst used. The enantiomeric ratio was higher for neutral
dimeric complexes [RhCl(1)]2 and [RhCl(ent-1)]2 (e.r. = 99:1
and 2:98, entries 2, 4) than for the neutral monomeric complex
[RhCl(2)] (e.r. 96:4, entry 6) or both cationic complexes
[RhOH2(2)]SbF6 and [(Rh(1))2Cl]SbF6 (e.r. = 95:5 and 94:6,
entries 7, 8).

In order to study whether the influence of the nuclearity and
the charge of the catalyst on the catalytic activity and selectivity
depends on the chosen reaction medium, catalysis was also run
in a bicontinuously nanostructured microemulsion made of
28 wt % of C8G1 surfactant and equal amounts of toluene and
water (for details, see the Supporting Information).22 The
microemulsion promoted the catalytic efficiency, resulting in
better yields as compared to dioxane. One might speculate that
this effect relates to an improved activation of the Rh complex
when residing in the amphiphilic film of the microemulsions.22

While the trend found for the yield, the use of microemulsions as
reaction medium rather led to decreasing enantiomeric ratios
(entries 9−16). For example, the neutral monomeric complex
[RhCl(2)] gave 5 in 86% (e.r. 25:75) (entry 14) as compared to
dioxane (58%, 96:4) (entry 6). In the case of the cationic
monomeric complex [RhOH2(2)]SbF6, the microemulsion led
to a nearly complete loss of stereocontrol, and 5 was isolated in
78% albeit with an e.r. = 58:42 (entry 16) as compared to
dioxane (61%, e.r. = 94:6, entry 8).
Thus, the influence of nuclearity and charge of the Rh

complexes were found to be moderate in dioxane, mostly
affecting the enantiomeric ratios. In contrast, in the liquid
confinement of microemulsions, the catalytic 1,2-addition is
accelerated as compared to dioxane in agreement with previous
kinetic experiments,22 but the stereocontrol is strongly affected
by the nuclearity and even more by the charge, leading to almost
racemic product 5 when cationic monomeric complex
[RhOH2(2)]SbF6 was used in microemulsions, while the use
of dioxane resulted in decent stereocontrol (entries 8, 16).

Investigation of Nonlinear Effects of Dimeric Rh
Complexes in 1,2-Addition. As nonlinear effects have been
reported for some diene ligands,17 we were curious whether
mixtures of neutral dimeric complexes [RhCl(1)]2 and

Table 4. Catalytic 1,2-Additionsa

configuration yield (%)

entry ligand catalyst solvent NMRb isolated e.r. (R):(S)

1c (1R,4S,4′R) in situ [RhCl(1)]2
d dioxane 58 58 99:1

2 (1R,4S,4′R) [RhCl(1)]2 dioxane 61 54 99:1
3 (1S,4R,4′S) in situ [RhCl(ent-1)]2

d dioxane 60 58 2:98
4 (1S,4R,4′S) [RhCl(ent-1)]2 dioxane 77 70 2:98
5c (1R,4S,4′R) in situ [RhCl(2)]d dioxane 76 61 95:5
6 (1R,4S,4′R) [RhCl(2)] dioxane 76 58 96:4
7 (1R,4S,4′R) [(Rh(1))2Cl]SbF6 dioxane 47 39 95:5
8 (1R,4S,4′R) [RhOH2(2)]SbF6 dioxane 66 61 94:6
9c (1R,4S,4′R) in situ [RhCl(1)]2

d MEe 77 65 98:2
10 (1R,4S,4′R) [RhCl(1)]2 MEe 73 59 93:7
11 (1S,4R,4′S) in situ [RhCl(ent-1)]2

d MEe 72 71 27:73
12 (1S,4R,4′S) [RhCl(ent-1)]2 MEe 96 90 9:91
13c (1R,4S,4′R) in situ [RhCl(2)]d MEe 93 84 61:39
14 (1R,4S,4′R) [RhCl(2)] MEe 91 86 25:75
15 (1R,4S,4′R) [(Rh(1))2Cl]SbF6 MEe 65 52 92:8
16 (1R,4S,4′R) [RhOH2(2)]SbF6 MEe 96 78 58:42

aThe active catalyst was generated by addition of a 3.1 M KOH solution to a solution of appropriate isolated Rh complex. After the mixture was
heated to 60 °C, 3 and 4 were added (see Supporting Information). bMesitylene was used as the internal standard. cResults from ref 22. dThe
catalyst was generated in situ by stirring a solution of ligand and precursor [RhCl(C2H4)2]2 for 15 min followed by addition of a 3.1 M KOH
solution and stirring for a further 5 min (see Experimental Section). eMicroemulsion: 0.60 g of C8G1, 0.80 mL of toluene, 0.70 mL of H2O.

Organometallics pubs.acs.org/Organometallics Article

https://dx.doi.org/10.1021/acs.organomet.0c00310
Organometallics XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.0c00310/suppl_file/om0c00310_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00310?fig=tbl4&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.0c00310/suppl_file/om0c00310_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00310?fig=tbl4&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.0c00310?ref=pdf


[RhCl(ent-1)]2 might show nonlinear effects in the asymmetric
1,2-addition, resulting in higher (or lower) ee values as would
have been expected from the enantiomeric purity (%ee value) of
the used ligands 1 or ent-1. Thus, mixtures of enantiomeric
ligands 1 and ent-1 in varying molar ratios were employed in the
Rh-catalyzed 1,2-addition of triphenylboroxine 3 to 4-
chlorobenzylidene-N-tosylimine 4 in dioxane in the presence
of KOH under the in situ conditions. When the %ee of ligand 1
was plotted vs the %ee of product 5, a linear correlation was
found (Figure 3a, green line). The same was true when mixtures
of isolated complexes [RhCl(1)]2 and [RhCl(ent-1)]2 were
employed (Figure 3a, red line).
In general, yields only slightly decreased for higher %ee values

(Figure 3b). However, isolated complexes (Figure 3b, red line)
performed better than the in situ generated species (Figure 3b,
green line).
Since preliminary results22 showed that norbornadiene based

ligands with low diastereomeric excesses led to high
enantioselectivities in the Rh-catalyzed 1,2-addition of triphe-
nylboroxine 3 to N-tosylimine 4, there was a need to investigate
possible nonlinear-like effects (NLLE), which have been
previously described for catalytic 1,2-additions of diethylzinc
to aldehydes in the presence of chiralN,O-[2.2]-paracyclophane
ligands.26 Therefore, the diastereomeric (1R,4S,4′R)-configu-
rated ligand 1 and (1S,4R,4′R)-configurated epimeric epi-1were
mixed in different molar ratios, the rhodium precursor
[RhCl(C2H4)2]2 was added, and the formed catalysts were
submitted to the catalytic 1,2-addition of 3 to 4 in dioxane in the
presence of KOH. Subsequently, the dependency of the
enantiomeric excess of (R)-5 on the diastereomeric excess of
(1R,4S,4′R)-configurated 1 was investigated (Scheme 2 and
Figure 4).
Despite several attempts, only (1R,4S,4′R)-configurated

ligand 1 provided a crystalline Rh complex, whereas epimeric
ligand epi-1 gave no crystalline Rh complex, and thus, NLLE

experiments were only carried out with the in situ formed Rh
complexes of ligands 1 and epi-1.
When diastereomerically pure ligand 1was applied, (R)-5was

obtained in good yields with a high enantioselectivity (61%,
97%ee (R), blue circles), whereas diastereomerically pure ligand
epi-1 selectively formed (S)-5 with surprisingly low yields (26%,
90%ee (S), red circles) (Figure 4a,b). When the diastereomeric
excess (de) of 1 was lowered by adding increasing amounts of
epi-1, the enantiomeric excess of (R)-5 slowly decreased in an
almost linear fashion until approximately 50%ee was reached at
−20%de.
A further decrease of the diastereomeric excess down to

−96%de had no influence on the enantiomeric excess of (R)-5;
however, yields significantly decreased further. At diastereo-
meric excesses below −96%de, the enantiomeric ratio suddenly
dropped to the initial value, obtained with diastereomerically
pure epi-1. The pronounced deviation of the %de of 1 vs %ee of
(R)-5 curve and the %de 1 vs NMR yield of (R)-5 from linearity
suggest a strong nonlinear-like effect. The NLLE might be
caused by the interaction between a highly selective and highly
reactive diastereomer [RhCl(1)]2 with a less selective and
weakly reactive diastereomer [RhCl(epi-1)]2, presumably
through dimeric Rh complexes with mixed ligands. However,
in NMR experiments with mixtures of two different Rh
complexes, no ligand scrambling was observed, and thus,
mixed dimers could be ruled out (Figure S1).

Catalytic 1,4-Additions. The catalytic 1,4-addition to
enones 6 is a second benchmark reaction to assess the potential
of novel diene ligands in asymmetric catalysis. In a similar
fashion as was described above for the 1,2-addition, the
following issues were probed: (a) performance of in situ formed
vs isolated catalysts, catalytic performance with respect to the
(b) nuclearity and (c) charge of the catalyst. Therefore, in a
second series of experiments, the catalytic 1,4-addition of
phenylboronic acid 7 to cyclopentenone 6a and cyclohexenone
6b was studied (Table 5).
It should be noted that the influence of nanoconfined reaction

media, i.e., microemulsion vs conventional solvents, was also
examined. As decent yields and enantioselectivities were only
found in dioxane (Table S4), other solvents were not further
considered. For example, reaction of cyclopentenone 6a with 7
catalyzed by the monomeric complex [RhCl(2)], which was in
situ formed from [RhCl(C2H4)2]2 (1.7 mol %) and the diene

Figure 3.Dependency of the enantiomeric excess ofN-tosylamine (R)-5 (a) and yield (b) on the enantiomeric excess of ligand (1R,4S,4′R)-1 (green)
and dimeric Rh complex [RhCl(1)]2 (red) in the catalytic 1,2-addition of triphenylboroxine 3 to 4-chlorobenzylidene-N-tosylimine 4. For details of
the reaction conditions, see Table 4.

Scheme 2
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ligand (1R,4S,4′R)-2 (3.4 mol %) in the presence of 3.1MKOH
at 50 °C, gave 2-phenylcyclopentanone 8a in 52% yield with an
enantioselectivity of 3:97 in favor of the (S)-product (entry 6).
Slightly improved yields were observed for the isolated

complex with a similar enantiomeric ratio (entry 7). In the case
of neutral dimeric complex [RhCl(1)]2, in situ conditions led to
a considerable decrease of both yield and enantioselectivity
(17%, e.r. = 16:84) (entry 1) as compared to the isolated dimer
(42%, e.r. = 8:92) (entry 2). When the enantiomeric dimer
[RhCl(ent-1)]2 was used, the (R)-product (R)-8a was favored,

irrespective of the complex preparation method (entries 3 and
4).
With regard to reactivity and selectivity, ligand 2, resulting in

monomeric complexes [RhCl(2)] and [RhOH2(2)]SbF6,
performed better than ligand 1, giving dimeric complexes
[RhCl(1)]2 and [(Rh(1))2Cl]SbF6 (entries 7 and 8 vs entries 2
and 5). In addition, neutral complexes performed slightly better
than cationic complexes regarding yield and %ee. For example,
neutral monomer [RhCl(2)] provided 8a in 66% yield and good
enantioselectivity (e.r. = 5:95, entry 7) as compared to the
corresponding isolated cationic monomer [RhOH2(2)]SbF6
(62%, e.r. = 8:92) (entry 8), while for the cationic dimer
[(Rh(1))2Cl]SbF6, the yield and enantiomeric ratio decreased
(44%, e.r. = 13:87) (entry 5).
However, the outcome was completely different, when

cyclohexenone 6b was employed as a substrate. To our surprise,
both yields and enantioselectivities decreased considerably as
compared to the corresponding reactions with cyclopentenone
6a, irrespective of the use of in situ or isolated neutral complexes
(entries 9−12, 14, and 15). In the case of isolated neutral dimer
[RhCl(1)]2, the enantioselectivity was reversed, now favoring
the (R)-product (R)-8b (27%, e.r. = 65:35) (entry 10). Similar
behavior was observed for the enantiomeric dimer complex
[RhCl(ent-1)]2 now yielding a racemic mixture (44%, e.r. =
50:50) via an in situ method and the (S)-product (S)-8b (29%,
e.r. = 33:67) via an isolated complex (entries 11 and 12). Poor
yields and low enantiomeric ratios were also observed for the
cationic monomer [RhOH2(2)]SbF6 (entry 16) and the
cationic dimer [(Rh(1))2Cl]SbF6 (entry 13). In the latter
case, racemic 8b was obtained.
The erosion of stereoselectivity upon changing the substrate

cyclopentenone 6a to cyclohexenone 6b irrespective of the type
of catalyst was rather unexpected. According to the commonly
accepted catalytic cycle20e the monomeric hydroxo-Rh complex
Rh-OH undergoes transmetalation with phenylboronic acid to
the monomeric phenyl-Rh complex Rh-Ph (Scheme 3).
Subsequent enone binding delivers the phenyl-enone Rh

complex (η2-enone)Rh-Ph, followed by rate-limiting carborho-
dation and final enolate hydrolysis. We surmised that this lack of
stereocontrol might be caused by a higher conformational
mobility of cyclohexenone 6b and smaller energetic differences
between the various binding modes of the phenyl-Rh complex
during enone binding. In order to validate this hypothesis, the

Figure 4.Dependency of the enantiomeric excess ofN-tosylamine (R)-5 (a) and the yield (b) on the diastereomeric excess of ligand (1R,4S,4′R)-1 in
the catalytic 1,2-addition of triphenylboroxine 3 to 4-chlorobenzylidene-N-tosylimine 4 using in situ formed Rh complexes. For details of the reaction
conditions, see Table 4.

Table 5. Catalytic 1,4-Additions

yield (%)

entry catalysta prod. NMRb isolated e.r.c (R):(S)

1 in situ [RhCl(1)]2 8a 27 17 16:84
2 [RhCl(1)]2 8a 52 42 8:92
3 in situ [RhCl(ent-1)]2 8a 30 29 81:19
4 [RhCl(ent-1)]2 8a 43 27 75:25
5 [(Rh(1))2Cl]SbF6 8a 62 44 13:87
6 in situ [RhCl(2)] 8a 62 52 3:97
7 [RhCl(2)] 8a 70 66 5:95
8 [RhOH2(2)]SbF6 8a 62 62 8:92
9 in situ [RhCl(1)]2 8b 33 27 61:39
10 [RhCl(1)]2 8b 38 27 65:35
11 in situ [RhCl(ent-1)]2 8b 44 44 50:50
12 [RhCl(ent-1)]2 8b 32 29 33:67
13 [(Rh(1))2Cl]SbF6 8b 19 21 50:50
14 in situ [RhCl(2)] 8b 52 46 31:69
15 [RhCl(2)] 8b 42 34 37:63
16 [RhOH2(2)]SbF6 8b 48 46 32:68

aFor catalyst preparation, see the Experimental Section and
Supporting Information; ligand 1 and 2 are (1R,4S,4’R)-configurated,
ligand ent-1 is (1S,4R,4’S)-configurated. bFor NMR yields, mesitylene
was used as the internal standard. cThe main enantiomer was
identified by specific rotation value measurement of the most
enantioenriched product mixture.
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enone binding step was examined by DFT methods for both
complexes [Rh(1)-Ph] and [Rh(2)-Ph] derived from dimeric
catalyst [RhCl(1)]2 and monomeric catalyst [RhCl(2)],
respectively.
Enone Binding and Carborhodation Studied by DFT

Calculations. To elucidate the mechanism and the stereo-
control of 1,4-additions, we studied the enone binding to the
complexes [Rh(1)-Ph] and [Rh(2)-Ph] by DFT. They both
include a phenyl ligand, which results from phenylboronic acid 7
by transmetalation (see Scheme 3). Both complexes are neutral
and have a closed-shell electronic structure.
Enone binding can happen in different binding modes. In

order to identify themost probable mechanism, i.e., the one with
the lowest barrier, we had to study all of them.We identified four
distinct binding modes (Figure 5). Each of these can be
approached by the enone in a Re or a Si orientation, resulting in
(R)-8 and (S)-8 products, respectively. In the binding modes,
which lead to the lowest-energy transition states (η2-cis, η2-
trans), the enone substrate is associated in an η2 manner to
rhodium (Rh−C distances = 2.19−2.36 Å), while the
coordination of Rh to the oxazolidinone oxygen (O1 in Figure
5) is weakened (Rh−O distances = 2.52−3.13 Å). In the ring
and phenyl binding modes (Figure 5), the oxazolidinone oxygen
is bound to a different side of Rh with distances of 2.15−2.17 Å.
With the possible binding modes identified, we studied the

carborhodation mechanism. Four binding modes and two Re/Si

orientations result in eight different reaction paths for
cyclopentenone 6a. In the case of cyclohexenone 6b, the six-
membered ring has an additional degree of freedom of the C5
atom pointing up or down with respect to the ring plane. Thus,
16 paths have to be distinguished for cyclohexenone 6b. We
studied all of them.
Of these 8 paths for 1,4-addition to 2-cyclopentenone 6a with

[Rh(1)-Ph] as the catalytic intermediate, four transition states
(the η2-ones, those with the lowest energies) are shown in Figure
6. The η2-trans binding resulted in the lowest free-energy barrier
for the (R)-product (ΔG = 80 kJ/mol), and η2-cis binding
resulted in the lowest free-energy barrier for the (S)-product
(ΔG = 67 kJ/mol), see Table 6 and Figure 6. The significant
energy difference of ΔΔG = 12.6 kJ/mol results in a large
predicted e.r. of 1:99 (R):(S). This agrees reasonably with the
results in Table 5 (16:84, entry 1 and 8:92, entry 2). It confirms
the significant stereoselectivity of Rh(1) for 6a.
Of the 16 paths for 1,4-addition to cyclohexenone 6b with

[Rh(1)-Ph] as the catalytic intermediate, η2 binding again led to
the lowest free-energy barriers. In contrast to 6a, the barrier
heights for (R)- and (S)-products are more similar, however.
This time, the lowest barrier for the (R)-product (R)-8b (ΔG =
66 kJ/mol, η2-cis-up) is slightly lower than the lowest barrier for
the (S)-product (S)-8b (ΔG = 68 kJ/mol, η2-trans-up). These
result in a ΔΔG of merely 1.3 kJ/mol, corresponding to a
predicted e.r. of 61:39 (R):(S), which compares very well to
Table 5 (entries 9 and 10, 61:39 and 65:35). Again, the
calculations confirm the experimental finding of low stereo-
selectivity Rh(1) for 6b.
For [Rh(2)-Ph], we investigated the reactivity with 2-

cyclopentenone 6a. Consistently with the other cases, the η2

binding mode resulted in the lowest barriers. Those were ΔG =
80 kJ/mol for the (R)-product (R)-8a (η2-trans) and ΔG = 72
kJ/mol for the (S)-product (S)-8a (η2-cis), resulting in an e.r. of
6:94, compared to 3:97 and 5:95 from entries 6 and 7 of Table 5.
Thus, independently of the catalyst, the (S)-product is favored
for cyclopentenone 6a.
In order to rationalize the different stereoselectivity found for

6a vs 6b, the structures of the transition states are illustrated in
Figure 6. Re and Si structures are superimposed. The alignment
of the substrate, especially its enone O, differs much more
between the Re and Si structures for 6a (top row) than for 6b
(bottom row). The more flexible six-membered ring of 6b leads
to similar positions of the enone O in Re and Si structures,
reducing the difference in barrier height and, thus, the
stereoselectivity. The stiffer five-membered ring of 6a leads to
more distinctive structures. In the η2-cis structures (Figure 6,
left) the positive partial charge, which accumulates at the enone-
O during the reaction, seems to be stabilized by an interaction of

Scheme 3

Figure 5. Four distinct enone binding modes of 2-cyclohexenone 6b to [Rh(1)-Ph], which results from [RhCl(1)]2 + 7. Hydrogen atoms are omitted
for clarity. The norbornadiene ligand is orange, the phenyl ligand is yellow, and the cyclohexenone substrate is green.
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the methyl groups bound to C5′ of the ligand (1). In all four
structures, rather short distances, reminiscent of hydrogen
bonds, are observed. For 6a, they differ significantly between
2.37 Å for Re and 2.15 Å for Si, while they are with 2.29 and 2.21
Å more similar for 6b. Ligand (2) misses these methyl groups.
Their influence is corroborated by the lower enantioselectivity
found with (2) than with (1). In η2-trans, there is a possibly
unfavorable interaction between the enone O and the (also
negatively charged) O3 atom of the oxazolidinone ring of the
ligand (1), which is present for the Re structures , but not for the
Si structures (Figure 6). Again, this interaction is much stronger
for the stiff 6a than the flexible 6b. Overall, subtle nonbonding
interactions lead to a stabilization of the negative charge, which
accumulates on the enone-O of the substrate during the
reaction. This stabilization differs more between the stereo-
isomers in the smaller and stiffer 6a than in the more flexible 6b,
which explains the higher stereoselectivity.

■ CONCLUSION

We have synthesized two novel cationic dimeric and monomeric
chiral Rh diene complexes [(Rh(1))2Cl]SbF6 and
[RhOH2(2)]SbF6 from structurally closely related oxazolidi-
none-norbornadiene ligands 1 and 2, which we compare to their
neutral counterparts [RhCl(1)]2 and [RhCl(2)].22

The solid-state structure, as determined by X-ray diffraction,
differed little between cationic and neutral Rh complexes.
XANES revealed slight differences in the local geometry at the
Rh center between the dimeric complex [RhCl(1)]2 and the
monomeric complex [RhCl(2)].
In solution, the electronic structure of Rh remains similar to

the solid state, as found by XANES. According to the EXAFS
data, the overall dimeric structure of [RhCl(1)]2 is preserved in
solution; however, one (or both) of the bridging chloro ligands
are replaced by the solvent dioxane, which is in agreement with
previous findings in Rh-catalyzed Pauson-Khand cyclizations.27

This observation agrees well with the commonly accepted
catalytic cycle for Rh-diene-catalyzed asymmetric nucleophilic
additions,20g where the chloro-bridged dimeric Rh complex is
first converted to the hydroxo-bridged dimeric Rh complex and
then breaks down to the catalytically active monomeric diene
Rh−OH species.
The catalytic activity and enantioselectivity of the Rh

complexes were investigated in the Rh-catalyzed asymmetric
1,2-addition of triphenylboroxine 3 to N-tosylimine 4 and the
1,4-addition of phenylboronic acid 7 to cyclopentenone 6a or
cyclohexenone 6b. The following trends were observed for the
1,2-addition: Higher yields were obtained for ligand 2 than

Figure 6. Comparison of the transition states for carborhodation of 2-cyclopentenone 6a (top) and 2-cyclohexenone 6b (bottom) with [Rh(1)-Ph].
The left structures show the η2-cismechanism, and the right ones show the η2-transmechanism. The transition states resulting in the (R)-products (R)-
8a,b are blue, and those that result in the (S)-products (S)-8a,b are red. Most hydrogen atoms are omitted for clarity. Specific bond lengths are shown
in Å, and the barrier heights for Re and Si transition states are shown in kJ/mol.

Table 6. Barriers for the 1,4-Additions via Catalytic
Intermediates [Rh(1)-Ph] and [Rh(2)-Ph]

binding mode with lowest
barrier

barrier (ΔG
in kJ/mol)

reactants Re Si Re Si e.r. (R):(S)

6b + [Rh(1)-Ph] η2-cis-up η2-trans-up 66 68 61:39
6a + [Rh(1)-Ph] η2-trans η2-cis 80 67 1:99
6a + [Rh(2)-Ph] η2-trans η2-cis 80 72 6:94
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ligand 1, and higher enantioselectivity was obtained for ligand 1
for both, the cationic and the neutral complexes. The higher
yields for ligand 2 correlate well with their increased
electrochemical oxidation stability determined by their higher
onset oxidation potential in cyclic voltammetry, which increased
in the series [RhCl(1)]2 < [RhCl(2)] < [(Rh(1))2Cl]SbF6 <
[RhOH2(2)]SbF6. When comparing neutral vs charged
complexes, the neutral monomer gave better yields and
enantioselectivities, while the difference for the neutral and
charged dimers was only marginal.
The liquid confinement in microemulsions produced higher

yields than dioxane but lower enantioselectivities, which might
be related to the different orientation of the Rh complexes in/
near the amphiphilic film compared to unstructured dioxane.
A strong positive nonlinear-like effect (NLLE) regarding

diastereomeric excess of 1 and epi-1 was found in the
diastereomeric mixture of [RhCl(1)]2 and [RhCl(epi-1)]2,
while no such effect was found for varying enantiomeric purity
between [RhCl(1)]2 and [RhCl(ent-1)]2.
In the 1,4-addition to cyclopentenone 6a, complexes with

ligand 2 (both neutral and cationic) gave higher yields and
enantioselectivities than the corresponding complexes with
ligand 1. The poorer performance of ligand 1 can be rationalized
by the additional gem-dimethyl group of 1 as compared to 2,
which seems to be far away from the Rh center according to the
X-ray data (Figure 1) but is close (2.15 Å) to the substrate in the
main transition state according to DFT calculations (Figure 6).
The 1,4-addition turned out to be strongly substrate-dependent,
giving very low enantioselectivity and, in several cases, racemic
products when cyclohexenone 6b was employed as substrate.
DFT calculations explained this by showing that the negative
partial charge accumulating at the substrate O is more efficiently
stabilized in the (R)-transition states in the more rigid 6a than in
the more flexible 6b.
This combined experimental and theoretical study demon-

strated that for chiral oxazolidinone-substituted norbornadiene
ligands 1, ent-1, and 2 there is no “one size fits all” Rh catalyst.
We found and explained remarkably different reactivities and
selectivities depending on the specific reaction type, substrate,
and solvent between both monomeric and dimeric complexes
[RhCl(2)] and [RhCl(1)]2 and their cationic counterparts
[RhOH2(2)]SbF6 and [(Rh(1))2Cl]SbF6. The current results
paved the way to further exploration of monomeric Rh
complexes in asymmetric catalysis.

■ EXPERIMENTAL SECTION
General Methods. All reactions were run under a nitrogen

atmosphere in flame-dried glassware using standard Schlenk
techniques. NMR spectra were recorded on a 500 MHz Bruker Avance
500 or a 700 MHz Bruker Avance 700 NMR spectrometer, referenced
to tetramethylsilane (δ 0.00 ppm) and calibrated on the residual solvent
peaks. Mass spectra were recorded with a Bruker Daltonics micro-TOF-
Q using electrospray ionization (ESI) with nitrogen as carrier gas.
Dioxane was degassed by bubbling nitrogen through it. All other
solvents and reagents were used as purchased. Diene ligands were
synthesized according to the literature.22

Synthesis of [RhCl(ent-1)]2. Diene ligand ent-1 (67.4 mg, 0.19
mmol) and [RhCl(C2H4)2]2 (37.3 mg, 95.9 μmol) were loaded in a
Schlenk tube under a nitrogen atmosphere, dioxane (2 mL) was added,
and the reaction mixture was stirred for 5 h at room temperature. The
remaining solids were filtered off, and the solvent was removed under
reduced pressure. After recrystallization from Et2O, the diene complex
was obtained as a red solid (69.0 mg, 73%). 1H NMR (500 MHz,
CDCl3): δ 7.71−7.64 (m, 4H), 7.33−7.27 (m, 6H), 4.70−4.64 (m,
2H), 4.51−4.45 (m, 2H), 4.42−4.38 (m, 2H), 3.91 (d, J = 3.6 Hz, 2H),

3.88−3.82 (m, 2H), 2.32−2.21 (m, 2H), 1.68 (dt, J = 1.4, 9.8 Hz, 2H),
1.46 (dt, J = 1.4, 9.8 Hz, 2H), 1.37 (s, 6H), 1.14 (d, J = 7.3Hz, 6H), 1.07
(d, J = 7.3 Hz, 6H), 0.62 (s, 6H) ppm. 13C {1H} NMR (176 MHz,
CDCl3): δ 167.4, 158.4, 137.4, 129.0, 128.2, 128.1, 87.1, 69.6, 63.4,
60.7, 59.7, 58.5 (d, J = 11.5 Hz), 56.1, 53.8 (d, J = 10.4 Hz), 44.1, 29.5,
27.6, 21.7, 20.9, 17.7 ppm. LRMS (ESI) calcdm/z for [M−Cl]+ 943.1,
found m/z 943.1. HRMS (ESI) calcd (found) for C44H50ClN2O6Rh2
([M − Cl]+): 943.1462 (943.1471). Anal. Calcd (%) for
C44H50Cl2N2O6Rh2(979.62 g/mol): C: 53.95; H: 5.15; N: 2.86.
Found: C: 54.02; H: 5.42; N: 2.68.

Synthesis of [(Rh(1))2Cl]SbF6. Under a nitrogen atmosphere,
[RhCl(1)]2 (50.0 mg, 51.0 μmol) was dissolved in CH2Cl2 (5 mL), and
AgSbF6 (17.6 mg, 51.0 μmol) was added. The reaction mixture was
stirred for 30 min at room temperature and filtered through Celite, and
the solvent was removed under reduced pressure. The crude product
was washed with hexanes (5 mL), and the cationic diene complex was
obtained as a yellow solid (60.1 mg, quant.) without further
purification. 1H NMR (700 MHz, CD2Cl2): δ 7.86−7.57 (m, 4H),
7.46−7.16 (m, 6H), 4.76−4.69 (m, 2H), 4.54−4.49 (m, 2H), 4.48−
4.43 (m, 2H), 4.01 (d, J = 3.1 Hz, 2H), 3.93−3.87 (m, 2H), 2.35−2.23
(m, 2H), 1.71 (dt, J = 1.3, 6.9 Hz, 2H), 1.44 (dt, J = 1.3, 6.9 Hz, 2H),
1.38 (s, 6H), 1.17 (d, J = 7.3 Hz, 6H,), 1.08 (d, J = 7.3 Hz, 6H), 0.64 (s,
6H) ppm. 13C {1H} NMR (176 MHz, CD2Cl2): δ 166.8, 159.8, 136.8,
129.6, 129.1, 127.9, 89.0, 70.1, 63.2 (d, J = 12.6 Hz), 61.5 (d, J = 10.2
Hz), 61.2, 60.3 (d, J = 5.7 Hz), 57.2, 55.9 (d, J = 9.5 Hz), 42.2 (d, J =
11.5 Hz), 29.8, 27.7, 21.6, 21.0, 17.4 ppm. LRMS (ESI) calcd m/z for
[M − SbF6]

+ 943.2, found m/z 943.2. HRMS (ESI) calcd (found) for
C44H50ClN2O6Rh2 ([M − SbF6]

+): 943.1462 (943.1466). Anal. Calcd
(%) for C44H50ClN2O6Rh2SbF6·1H2O (1179.92 g/mol): C: 44.12; H:
4.38; N: 2.34. Found: C: 44.30; H: 4.58; N: 2.34.

Synthesis of [RhOH2(2)]SbF6. Under a nitrogen atmosphere,
[RhCl(2)] (0.10 g, 0.22 mmol) was dissolved in CH2Cl2 (4 mL), and
AgSbF6 (74.4 mg, 0.22 mmol) was added. The reaction mixture was
stirred for 30 min at room temperature and filtered through Celite, and
the solvent was removed under reduced pressure. The crude product
was washed with hexanes (5 mL), and the cationic diene complex was
obtained as a yellow solid (0.15 g, quant.) without further purification.
1H NMR (700 MHz, CD2Cl2): δ 7.79−7.65 (m, 2H), 7.49−7.33 (m,
3H), 4.70−4.64 (m, 1H), 4.61−4.56 (m, 1H), 4.54−4.49 (m, 1H),
4.38−4.34 (m, 1H), 4.23 (dd, J = 2.1, 9.5 Hz, 1H), 4.13−4.07 (m, 1H),
3.87−3.83 (m, 1H), 2.66−2.58 (m, 1H), 2.42 (s, 2H), 1.64 (dt, J = 1.4,
9.8 Hz, 1H), 1.48 (dt, J = 1.4, 9.8 Hz, 1H), 0.96 (d, J = 7.3 Hz, 3H), 0.92
(d, J = 7.3 Hz, 3H) ppm. 13C {1H} NMR (176 MHz, CD2Cl2): δ 166.4,
161.3, 136.0, 129.9, 129.5, 127.6, 67.9, 66.9 (d, J = 10.7 Hz), 63.0, 61.1,
60.4 (d, J = 10.7 Hz), 59.8 (d, J = 7.7 Hz), 56.9 (d, J = 7.7 Hz), 55.5,
32.7, 29.4, 18.0, 14.7 ppm. LRMS (ESI) calcd m/z for [M − SbF6]

+

444.1, foundm/z 444.1. HRMS (ESI) calcd (found) for C20H23NO4Rh
([M − SbF6]

+): 444.0677 (444.0679). Anal. Calcd (%) for
C44H50ClN2O6Rh2SbF6 (680.06 g/mol): C: 35.32; H: 3.41; N: 2.06.
Found: C: 35.22; H: 3.53; N: 1.84.

General Procedure for Addition Reactions with In Situ
Prepared Catalyst. Under a nitrogen atmosphere, the appropriate
ligand (10.0 μmol) and [Rh(C2H4)2Cl]2 (5.00 μmol) were dissolved in
degassed dioxane (2 mL), and the solution was stirred for 15 min at
room temperature. A degassed 3.1 M KOH solution (51.0 μL, 0.15
mmol) was added, and the reaction mixture was stirred for another 5
min at room temperature. In the case of 1,2-addition, the solution was
heated to 60 °C, triphenylboroxine 3 (74.8 mg, 0.24 mmol) and N-
tosylimide 4 (58.8 mg, 0.20 mmol) were added, and the reaction
mixture was stirred for a further 24 h at 60 °C. After dilution with
EtOAc (2 mL), the solution was filtered through a short silica column,
the solvent was removed under reduced pressure, and the crude product
was purified by column chromatography on silica. In the case of 1,4-
addition, the solution was heated to 50 °C, phenylboronic acid 7
(74.0 mg, 0.60 mmol) and the respective enone 6a,b (0.30 mmol) was
added, and the reaction mixture was stirred for 4 h at 50 °C. A saturated
NH4Cl solution (3 mL) was added, the layers were separated, and the
aqueous layer was extracted with Et2O (3 × 5 mL). The combined
organic layers were dried (Na2SO4), the solvent was removed under
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reduced pressure, and the crude product was purified by column
chromatography on silica.
Computational Details.The reaction mechanisms of catalytic 1,4-

additions to 2-cyclohexenone and 2-cyclopentenone by the complexes
[Rh(1)-Ph] and [Rh(2)-Ph] were investigated by density functional
theory (DFT) calculations. Minima and transition states were
preoptimized using GFN2-xTB,28 optimized on the B3LYP/def2-
SVP-D3(BJ) level. The same level was used for the thermal corrections
and free-energy contributions at 60 °C. Vibrational frequencies smaller
than 100 cm−1 were raised to that value for the thermal analysis to
ensure the validity of the RRHO model. On these optimized
geometries, energies were calculated at the B2PLYP/def2-TZVP-
D3(BJ) level. All DFT calculations were performed in Turbomole
V7.1,29 and all geometry optimizations and free-energy calculations
were performed in ChemShell30 via DL-FIND.31 Of the 16 paths for
1,4-addition to cyclohexenone 6b with [Rh(1)-Ph] as the catalytic
intermediate, the “up” orientation of the C5 atom resulted in the lowest
barriers. The “down” orientation of the C5 atom resulted in slightly
higher barriers of 70 and 80 kJ/mol for the η2-cis orientation for (S)-
and (R)-products (S)-8b and (R)-8b, respectively. The barriers
resulting from ring binding mode are with 120 and 130 kJ/mol
significantly higher. In this case, no transition states for the Si binding
mode could be found because of steric hindrance with the ligand, which
led to unrealistically high energies. For the phenyl binding mode, the Re
approach leads to even higher barriers for Re binding (176 and 189 kJ/
mol for “up” and “down”) and to a barrier of 115 kJ/mol for Si binding
in the “down” configuration. Si binding in the “up” configuration led to
a shift to the respective η2-cis binding mode.
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