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al-at-metal rhodium complexes
from achiral tripodal tetradentate ligands:
resolution and application to enantioselective
Diels–Alder and 1,3-dipolar cycloadditions†

Alvaro G. Tejero, Maŕıa Carmona, Ricardo Rodŕıguez, * Fernando Viguri,*
Fernando J. Lahoz, Pilar Garćıa-Orduña and Daniel Carmona *

An improved synthesis of the racemic rhodium compound [RhCl2(k
4C,N,N′,P-L1)] (1) containing an achiral

tripodal tetradentate ligand is reported. Their derived solvate complexes [Rh(k4C,N,N′,P-L1)(Solv)2][SbF6]2
(Solv = NCMe, 2; H2O, 3) are resolved into their two enantiomers. Complexes 2 and 3 catalyze the

Diels–Alder (DA) reaction between methacrolein and cyclopentadiene and the 1,3-dipolar cycloaddition

reaction between methacrolein and the nitrone N-benzylidenphenylamine-N-oxide. When enantiopure

(ARh,RN)-2 was employed as the catalyst, enantiomeric ratios >99/1, in the R at C2 adduct, and up to 94/

6, in the 3,5-endo isomer, were achieved in the DA reaction and in the 1,3-dipolar cycloaddition

reaction, respectively. A plausible catalytic cycle that accounts for the origin of the observed

enantioselectivity is proposed.
Introduction

Typically, a homogeneous chiral metal catalyst consists of
a metal surrounded by a chiral ligand and accompanied by
a range of achiral ligands. The source of chirality is the chiral
ligand which congures a “chiral pocket” in the vicinity of the
metal where the reaction between the catalytic substrates takes
place.1

As early as 1979, Brunner argued: “It therefore seemed prom-
ising to move the inducing chirality to the metal atom where the
catalysis is occurring”.2 However, in 2000, 21 years later, Muñiz
and Bolm recognized that asymmetric catalysis with enantio-
meric chiral-at-metal complexes was still unknown and that the
only approach to this type of catalysts was diastereomeric
complexes in which the conguration of the metal centre is pre-
determined by the coordination of a chiral ligand.3

It is interesting to point out that enantiomerically pure
coordination compounds have been known since 1911 when
Werner reported the resolution of the complex [CoX(en)2(-
NH3)]

2+ (en = ethylenediamine, X= Cl or Br) into the individual
mirror-imaged D- and L-enantiomers.4 However, it should be
aĺıticos, Instituto de Śıntesis Qúımica y

ersidad de Zaragoza, Pedro Cerbuna 12,

unizar.es; riromar@unizar.es; fviguri@

n (ESI) available: NMR spectra of
, and spectroscopic and structural
6804. For ESI and crystallographic data
: https://doi.org/10.1039/d2ra06982b
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noted that the design and synthesis of efficient enantiopure
catalysts in which the only stereogenic centre is the metal is not
exempt from difficulties. On the one hand, given that different
structural isomers are usually possible, the most suitable
isomer must be selectively prepared or separated from the ob-
tained mixture. In addition, this isomer will be obtained as
a racemate that must be resolved following protocols that
generally require a great deal of time with no guarantee of
success.5 On the other, for these catalysts to achieve high effi-
ciency, it is very convenient that they meet two requirements
that seem contradictory a priori: congurational stability and
labile coordination positions. Most likely for these reasons, the
systematic development of chiral-only-at-metal catalysts has
occurred only very recently. Indeed, although in 2003, Fontecave
et al. demonstrated for the rst time that chiral-only-at-metal
bis-diimine Ru(II) complexes catalyze the oxidation of suldes
to sulfoxides by hydrogen peroxide with up to 59/41 er,6 only
since 2013 the synthesis, resolution and catalytic applications of
stereogenic-only-at-metal chiral catalysts has been systemati-
cally developed. From this date, Meggers group and others have
been developing a family of bis-cyclometalated octahedral
rhodium(III), iridium(III), ruthenium(II) and iron(II) complexes
that efficiently catalyze a variety of organic transformations
following Lewis acid,7 ligand sphere mediated7b–e,8 and
photoredox7b–e,9 catalytic protocols.

Also in this line, Gladysz's group reported that octahedral
enantiopure salts of the tris-chelate ethylenediamine complexes
[M(en)3][Barf]n (M = Co, Cr, Rh, Ir, n = 3; M = Pt, n = 4; Barf =
B(3,5-C6H3(CF3)2)4) catalyze the addition of malonates to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Chiral rhodium complex 2 bearing the achiral ligand L1.
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cyclopentenone or trans-b-nitrostyrene and that of the methyl 2-
oxocyclopentanecarboxylate to di-tert-butylazodicarboxylate
following a second coordination sphere mechanism involving
substrate activation by hydrogen bonding to the coordinate NH2

units. Modest enantioselectivities were achieved in all cases.10

Also, pseudo-octahedral geometry presents an enantiopure
chiral-at-ruthenium complex containing a cyclometalated
chelating NHC ligand that efficiently catalyzes the asymmetric
cross metathesis, asymmetric ring closing metathesis and
asymmetric ring opening cross metathesis of olens.11

On the other hand, tetrahedral complexes with stereogenic
metal centres are rarely used as chiral catalysts mainly because
they are too labile to ensure the absolute conguration of the
metal centre. However, Shionoya et al. have reported the prep-
aration and resolution of the tetrahedral chiral zinc complex I
with high congurational stability using the achiral tridentate
ligand H2L depicted in Scheme 1. When enantiopure S-I was
applied to the asymmetric oxa-Diels–Alder reaction of Dani-
shefsky's diene with 1-naphthaldehyde the Diels–Alder R-
adduct was obtained in 98% yield with 93.5/6.5 er.12

We have recently reported the application of achiral tripodal
tetradentate ligands to the synthesis of octahedral chiral-at-
metal rhodium, iridium and ruthenium complexes.13 In
particular, enantiopure rhodium complexes efficiently catalyze
the enantioselectively Diels–Alder reaction between meth-
acrolein and cyclopentadiene with enantiomeric ratios of up to
>99/1 (ref. 13c) and, on the basis of experimental NMR studies
and DFT calculations, a detailed mechanistic pathway for the
Friedel–Cras reaction of trans-b-nitrostyrene and N-methyl-2-
methylindole reaction is proposed, including an explanation
of the origin of the obtained enantioselectivity.13a

Herein, we report on the synthesis and stereochemical
resolution of the rhodium complex 2 containing the tripodal
tetradentate L1 (Scheme 2) and its application to enantiose-
lective Diels–Alder and 1,3-dipolar cycloadditions.

Results and discussion
Synthesis of neutral dichloride complex [RhCl2(k

4C,N,N′,P-
L1)] (1)

The achiral tripodal tetradentate ligand L1 has been prepared as
reported elsewhere.13e The synthesis of the dichlorido complex
[RhCl2(k

4C,N,N′,P-L1)] (1) has been previously accomplished
following the three steps protocol A depicted in Scheme 3.13e

Reaction of RhCl3 with the ligand L1 in reuxing ethanol
affords a mixture of fac-OC-6-43 (ref. 14) and mer-OC-6-41
Scheme 1 Chiral at zinc tetrahedral complex I and the achiral ligand
H2L.

© 2022 The Author(s). Published by the Royal Society of Chemistry
trichlorido isomers that can be completely isomerized to the
fac diastereomer by reuxing the mixture overnight in the same
solvent. The cyclometalated isomer OC-6-54 of the dichlorido
complex 1 could be obtained by reuxing in methanol pure
trichlorido fac-OC-6-43 in the presence of NaOAc.

We have developed an improved synthesis of the dichlorido
complex 1 following a one-pot, two steps reaction. First, RhCl3
reacts with L1 in reuxing EtOH; then, the resulting mixture is
heated in the same solvent in the presence of NaOAc for 3 h
(protocol B, Scheme 3). Only metalation at C6 carbon of the
triuoro aryl substituent was observed in both preparative
routes.13e
Synthesis of the solvate complexes [Rh(k4C,N,N′,P-
L1)(NCMe)2][SbF6]2 (2) and [Rh(k4C,N,N′,P-L1)(OH2)2][SbF6]2
(3)

Treatment of the dichlorido complex 1 with AgSbF6 in aceto-
nitrile or in wet dichloromethane affords the solvate complexes
[Rh(k4C,N,N′,P-L1)(NCMe)2][SbF6]2 (2) or [Rh(k4C,N,N′,P-
L1)(OH2)2][SbF6]2 (3), respectively (eqn (1)).13d

(1)

The compounds were characterized by analytical and spec-
troscopic methods (see Experimental) and by the X-ray deter-
mination of the crystal structure of the acetonitrile compound
2. The metal and the sp3 nitrogen atoms of the ligand are
stereogenic centres. However, the 1H, 31P{1H} and 13C{1H} NMR
spectra of complexes 2 and 3 consists of only one set of sharp
resonance signals indicating that only one of the three possible
isomers13e has been isolated. NMR measurements allow us to
ascertain the geometry of the isolated isomer. As the spectros-
copy features of both compounds are comparable, we will focus
our discussion on the acetonitrile compound 2 as the model.
The value of the J(PH) coupling constants together with COSY,
HSQC and HMBC experiments permit the assignment of the
three pairs of diastereotopic protons which have been labelled
RSC Adv., 2022, 12, 34704–34714 | 34705
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Scheme 3 Synthesis of the dichlorido complex [RhCl2(k
4C,N,N′,P-L1)] as described in the bibliography.13e (A) and as reported in this work (B).
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as CH2(Py), CH2(Ph) and CH2(P) (see Scheme 4A). Scheme 4B
shows the NOE pattern measured for these six methylene
protons. Additionally, the methyl protons of the acetonitrile
ligand trans to the sp3 nitrogen atom exhibit NOE relationship
with the 6-CH(Py) and 6-CH(Ph) protons of the tetradentate
Scheme 4 Assignment of the methylene descriptors (A) and NOE patte

34706 | RSC Adv., 2022, 12, 34704–34714
ligand. Accordingly, a J(PH) coupling constant of 4.0 Hz was
measured for the proton-6 of the pyridine moiety (6-CH(Py)). At
this point, it should be noted that when the ligand L1 coordi-
nates with a metal in an octahedral geometry with a k4C,N,N′,P
coordination mode, the relative conguration of the sp3
rn (B) on OC-6-35 isomers of complex 2.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Selected bond lengths (Å) and angles (°) of complex 2

Rh-P 2.2968(12) N(1)-Rh-N(2) 80.10(15)
Rh-N(1) 2.069(4) N(1)-Rh-N(3) 174.12(15)
Rh-N(2) 2.102(4) N(1)-Rh-N(4) 90.59(14)
Rh-N(3) 2.028(4) N(1)-Rh-C(28) 84.30(16)
Rh-N(4) 2.170(4) N(2)-Rh-N(3) 94.02(15)
Rh-C(28) 2.007(4) N(2)-Rh-N(4) 88.84(14)
P-Rh-N(1) 95.17(11) N(2)-Rh-C(28) 86.84(16)
P-Rh-N(2) 174.91(11) N(3)-Rh-N(4) 89.56(14)
P-Rh-N(3) 90.69(11) N(3)-Rh-C(28) 95.16(16)
P-Rh-N(4) 93.15(11) N(4)-Rh-C(28) 173.81(16)
P-Rh-C(28) 90.81(13)

Fig. 2 View of the cation of the complex (SN)-OC-6-35-C-2 along (A)
and perpendicular to (B) the acetonitriles mean plane, showing the
phenyl rings shielding.
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nitrogen atom becomes pre-determined by the conguration at
the metal. In particular, in the case of complex 2, the A (C)
conguration14d at the rhodium atom forces an R (S) congu-
ration at the sp3 nitrogen atom. Hence, we propose that
compound 2 has been obtained as a racemic mixture of the
isomers CRh,SN and ARh,RN.

14,15 as, indeed, it has been corrob-
orated by the X-ray determination of the crystal structure of
compound 2.

A view of the structure of the CRh,SN isomer of the cation of
the complex 2 (ref. 16) is depicted in Fig. 1 and relevant char-
acteristics of the metal coordination sphere are summarized in
Table 1. The cation presents an octahedral geometry in which
four ligating atoms of L1 are coordinated in a tripodal fashion
and two acetonitrile ligands occupy the two remaining coordi-
nation sites arranged cis to each other. The phosphorus atom is
trans to the pyridinic nitrogen N(2), while the nitrile nitrogen
atoms N(3) and N(4) are found to be trans to the sp3 nitrogen
N(1) and to the aromatic C(28) carbon atoms, respectively. As
a reect of the different trans inuence the Rh-N(4) bond
distance (2.170(4) Å, trans to carbon atom) is about 0.142 Å
greater than the Rh-N(3) bond distance (2.028(4) Å, trans to the
sp3 nitrogen atom). The complex crystallizes in the P�1 space
group of the triclinic crystallographic system and, therefore, the
unit cell contains two enantiomers of the chiral complex OC-6-
35 that, taking into account the arrangement of the coordina-
tion atoms around the metal, are the CRh,SN and ARh,RN dia-
stereomers. It is important to remark that the relative
conguration of the metal is retained when the two chloride
ligands are released and exchanged by two solvent molecules.
Changes in the notation of the descriptors are due to the
application of the nomenclature rules for octahedral
complexes.14d

From the point of view of the catalytic applications, an
important feature of the chiral complex 2 is the relative dispo-
sition of the phenyl groups of the PPh2 fragment and the two
coordinated acetonitrile molecules. As it can be seen in Fig. 2,
whereas one face of the plane dened by the two linear aceto-
nitrile molecules is shielded by the phenyl substituents of the
Fig. 1 The crystal structure of racemic cation of 2. The (SN)-OC-6-35-
C enantiomer of the racemate is depicted. For clarity, hydrogen atoms
have been omitted, and only ipso-carbon atoms of phenyl groups are
depicted.

© 2022 The Author(s). Published by the Royal Society of Chemistry
diphosphino group, the other face is unencumbered. Therefore,
when, in complex 2, prochiral substrates coordinate the metal
displacing the labile acetonitrile ligands, the attack of a putative
reagent would take preferably through the less hindered enan-
tioface of the substrate originating enantioselectivity in the
involved process.
Resolution of the ARh,RN/CRh,SN racemate of the solvate
complex 2

As above mentioned, complex 2 was obtained as an equimolar
mixture of the CRh,SN and ARh,RN diastereomers. In order to
apply this complex as an asymmetric catalyst, it is necessary to
resolve the obtained racemate. To this end, we developed
a diastereomerization protocol of resolution using (S)-phenyl-
glycine as a chiral auxiliary.

Reaction of complexes 2 with (S)-phenylglycine. Racemic 2
reacted with enantiopure (S)-phenylglycine in reuxing ethanol
in the presence of NaHCO3 to afford 1/1 diastereomeric
mixtures of (ARh,SN,SC)-4 and (CRh,RN,SC)-4 (eqn (2)).14d,15 The
new complexes were characterized by spectroscopic and
analytical methods (see Experimental). In particular, for both
diastereomers, a NOE relationship between the NH2 protons of
the amino carboxylate ligand and one of the protons of each one
of the CH2(Py) and CH2(P) methylene groups, indicates that the
isolated isomers are those in which the oxygen atom of the
amino carboxylato group is trans to the sp3 nitrogen of the
RSC Adv., 2022, 12, 34704–34714 | 34707
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tetradentate ligand (eqn (2)). Probably, as it was found by DFT
calculations carried out on a phenylglycinato rhodium complex
containing a related tripodal tetradentate ligand,13c diastereo-
mers with the oxygen atom trans to the sp3 nitrogen of the tet-
radentate ligand are more stable than the corresponding
isomers in which the oxygen atom is trans to the metalated
(2)
carbon atom. Assuming a similar behaviour for complex 2,
stereoselection in the formation of the isolated glycinato
complexes 4 would mainly rely on thermodynamics.

The determination of the absolute conguration of each of
the complexes has been carried out by NMR from a mixed
solution of the two diastereomers (see ESI†). In particular, the 6-
CH(Py) proton (d = 8.32 ppm) of one diastereomer exhibits
a nuclear Overhauser effect (NOE) with the asymmetric C*H
proton (d = 3.98 ppm) determining the conguration for this
diastereomer as (ARh,SN,SC)-4. In the other diastereomer, deter-
mined as (CRh,RN,SC)-4, the C*H proton (d= 3.10 ppm) correlates
by NOE with the phenyl protons of the PPh2 fragment (d = 7.74
ppm). The 31P{1H} NMR spectrum of the mixture of
Fig. 3 31P{1H} NMR of the starting mixture of complexes 4 (above) and
the individual diastereomers (CRh,RN,SC)-4 (middle) and (ARh,SN,SC)-4
(below).

34708 | RSC Adv., 2022, 12, 34704–34714
diastereomers consists of two doublets centred at 29.67 ppm
(J(RhP) = 130.8 Hz), assigned to the (ARh,SN,SC)-4 isomer, and at
28.83 ppm (J(RhP) = 130.1 Hz), attributed to the (CRh,RN,SC)-4
isomer (see ESI†). Crystallization of the 1/1 mixture of isomers
fromMeOH/Et2O affords a 57/43 molar ratio mixture from which
individual diastereomers were separated by chromatography.
Separation of the diastereomeric mixture of glycinato
complexes. Diastereomeric mixtures of (ARh,SN,SC)-4 and (CRh,-
RN,SC)-4 were separated by ash chromatography on a silica
column using a CH2Cl2/MeOH mixture as eluent (see Experi-
mental). Three fractions A, B and C were consecutively
collected. Fraction A (ca. 21% yield) was diastereopure (ARh,-
SN,SC)-4. Fraction B (ca. 48% yield) was a mixture of the two
diastereomers (ARh,SN,SC)-4 and (CRh,RN,SC)-4 that was recycled.
Fraction C (ca. 18% yield) was diastereopure (CRh,RN,SC)-4.

The 31P{1H} NMR spectrum of the starting mixture and those
of each diastereomer, once separated by chromatography, are
shown in Fig. 3.

Replacement of the coordinated auxiliary. The chiral auxil-
iary was replaced with two chlorido ligands, under retention of
the conguration, by addition of excess of concentrated
HCl(aq). From diastereopure (ARh,SN,SC)- and (CRh,RN,SC)-4,
enantiopure dichlorido (ARh,RN)-1 and (CRh,SN)-1 were obtained,
respectively, in more than 99.5/0.5 enantiomeric ratio in both
cases.17 Fig. 4 shows the HPLC traces of a racemic mixture of the
dichlorido complex 1 as well as those of the pure enantiomers
(CRh,SN)-1 and (ARh,RN)-1. The circular dichroism spectra of
both enantiomers are shown in Fig. 4, too. No signicant
changes of the HPLC traces were observed when enantiopure 1
was heated at 80 °C in methanol, in a high-pressure NMR tube,
for 48 h. Thus, it can be argued that the conguration at the
metal is thermally stable.

From the enantiopure chlorido complex (ARh,RN)-1, enan-
tiopure solvate complex (ARh,RN)-2 was obtained following the
treatment above reported for the preparation of racemic solvate
complexes from racemic chlorido complex 1 (eqn (1)).
Catalytic Diels–Alder reaction between methacrolein and
cyclopentadiene

Complexes 2 and 3 catalyze the Diels–Alder reaction between
methacrolein (MA) and cyclopentadiene (HCp) in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 HPCL traces of rac-1, (ARh,RN)-1 and (CRh,SN)-1 and CD spectra of (ARh,RN)-1 (red) and (CRh,SN)-1 (blue).

Table 2 Selected data for the reaction between MA and HCp catalyzed by the complexes 2 and 3a

Entry Cat. Cat. loading (mol%) T (K) t (h) Conv.b (%) exo/endo erc,d (R/S)

1 (rac)-2 10 298 6 92 95/5 —
2 (rac)-2 5 298 15 86 98/2 —
3 (rac)-2 10 273 24 82 83/17 —
4 (rac)-2 10 263 140 61 88/12 —
5 (rac)-3 10 298 12 90 94/6 —
6 (rac)-3 5 298 24 87 96/4 —
7 (ARh,RN)-2 10 298 8 97 93/7 >99/1

a Reaction conditions: catalyst, 1.16 × 10−3 or 2.32 × 10−3 mmol (5 or 10 mol%); MA, 23.0 × 10−3 mmol; HCp, 81.0 × 10−3 mmol and 10 mg of 4 Å
MS, in 0.5 mL of CD2Cl2.

b Based on MA. Determined by 1H NMR. c Determined for the exo isomer by integration of the 1H NMR signals in presence
of the chiral shi reagent (+)-Eu(hfc)3.

d Absolute conguration of the major exo adduct (R at C2) was established by comparison of the aldehyde
proton splitting in presence of (+)-Eu(hfc)3 with previous work indicating the relative splitting of the (R)-exo and (S)-exo adducts.18
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dichloromethane. To determine the optimal conditions, we rst
tested the activity of rac-2 and rac-3. As shown in Table 2, at 298
K, to get good conversions with a catalyst loading of 5 or
10 mol%, several hours are needed (entries 1, 2, 5 and 6).
Decreasing temperature increases the reaction time and
diminishes the obtained exo/endo ratio of the adduct (entries 3
and 4). Complex 2 is more active than complex 3 (compare
entries 1 and 2 with entries 5 and 6, respectively). At 5 mol% of
catalyst loading, better exo/endo ratios than at 10 mol% catalyst
loading were achieved but, to reach similar conversions, it is
necessary to increase importantly the reaction time (entries 1, 2
and 5, 6). Taking into account all these data, we carried out the
reaction between methacrolein and cyclopentadiene using
10 mol% of enantiopure (ARh,RN)-2, at 298 K. Aer 8 h of reac-
tion, 97% of conversion was achieved with an exo/endo ratio of
93/7. Notably, enantioselectivity in the R at C2 isomer almost
perfect was obtained (er > 99/1, entry 7). Comparing the catalytic
© 2022 The Author(s). Published by the Royal Society of Chemistry
results using the CF3-substituted (ARh,RN)-2 complex with those
of the unsubstituted one13c (aer 24 h at 298 K, conv. 93%; exo/
endo ratio: 88/12; er: 91/9), the CF3-substituted complex has
about 3 times higher catalytic activity, better diastereoselectivity
and a remarkable increase in enantioselectivity, from 91/9 to
>99/1 of er. These catalytic differences are understood by a large
difference in the trans effect favourable to the CF3 group which
enhances the catalytic activity by favouring the de-and coordi-
nation of the substrates. On the other hand, enantioselectivity
increases because the non-catalytic route to products becomes
less competitive versus the catalytic route.
Catalytic 1,3-dipolar cycloaddition reaction between
methacrolein and N-benzylidenphenylamine-N-oxide

Complex 2 also catalyzes the 1,3-dipolar cycloaddition reaction
between methacrolein and the nitrone N-
RSC Adv., 2022, 12, 34704–34714 | 34709
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benzylidenphenylamine-N-oxide. Table 3 lists a selection of the
results obtained together with the reaction conditions
employed. First, we tested rac-2 as the catalyst (entries 1–4). To
achieve moderate to good conversions, 24 h of reaction are
necessary even operating at 298 K (entry 1). Only endo isomers
were detected and good regioselectivity in favour of the 3,5-endo
isomer was obtained under all conditions explored. At 298 K,
using (ARh,RN)-2 as the catalyst, an enantiomeric ratio of 94/6
was measured for the major adduct of the 3,5-endo diaste-
reomer (entry 5). Lowering temperature to 273 K diminishes the
er from 94/6 to 84/16 (entry 6). As long reaction times are
necessary to reach acceptable conversions, a greater contribu-
tion of the thermal reaction is, probably, at the origin of the
observed lowering of the er.
Table 3 Selected data for the reaction between MA and N-benzyli-
denphenylamine-N-oxide catalyzed by complex 2a

Entry Cat. T (K) t (h) Conv.b (%) (3,4)/(3,5)c erd

1 (rac)-2 298 24 64 5/95 —
2 (rac)-2 281 24 17 2/98 —
3 (rac)-2 273 24 8 6/94 —
4 (rac)-2 263 24 0 — —
5 (ARh,RN)-2 298 24 78 4/96 94/6
6 (ARh,RN)-2 273 164 68 12/88 84/16

a Reaction conditions: catalyst 1.16× 10−3 mmol (5.0 mol%); MA 70.0
× 10−3 mmol, 10 mg of 4 Å MS, and nitrone 35.0 × 10−3 mmol in
0.5 mL of CD2Cl2.

b Based on nitrone. Determined by 1H NMR.
c Only endo isomers were detected. d Determined for the 3,5-endo
isomer by integration of the 1H NMR signals of the diastereomeric
(S)-methylbenzylimine derivatives.19

Fig. 5 Proposed catalytic cycle (A) and the suggested model for the asy

34710 | RSC Adv., 2022, 12, 34704–34714
Proposed mechanism and origin of the enantioselectivity

The proposed catalytic cycle is depicted in Fig. 5A. One
molecule of methacrolein (MA) replaces the more labile
molecule of acetonitrile trans to the aromatic carbon atom of
the enantiopure catalyst (ARh,RN)-2. Assuming that the
methacrolein coordinates as a planar molecule with an s-
trans conformation for the double carbon–oxygen and
carbon–carbon bonds and with an E-conguration around
the carbon–oxygen double bond,20 its Si-face becomes much
more accessible to the cyclopentadiene or to the nitrone than
its Re-face, because, in the chiral pocket generated in the
diastereopure catalyst, the Re-face is shielded by the phenyl
rings of the PPh2 group (Fig. 5B). An attack of the cyclo-
pentadiene substrate through the Si-face of the methacrolein
renders the R at C2 enantiomer of the DA adduct as it was
experimentally observed. On the other hand, an endo
approach of the nitrone through the Si-face of the coordi-
nated methacrolein would render the 3R,5R isomer of the
corresponding isoxazolidine.
Conclusions

Judiciously designed achiral tripodal tetradentate ligands are
able to generate octahedral rhodium complexes in which the
metal is a stereogenic centre. This is the case of the dichlorido
complex 1. The frame generated by the polydentate ligand
confers congurational stability to the octahedral molecule
even when the two remaining positions are occupied by labile
solvent molecules as in complexes 2 and 3. Notably, the
compounds 2 and 3 meet two important requirements that
make them good candidates for asymmetric catalysts:
congurational stability and labile coordination positions.
Indeed, aer stereochemical resolution the chiral complex
(ARh,RN)-2 catalyzes the Diels–Alder reaction between meth-
acrolein and cyclopentadiene with a >99/1 enantiomeric ratio.
Furthermore, the same catalyst mediates the 1,3-dipolar
cycloaddition reaction between methacrolein and the nitrone
mmetric induction (B).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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N-benzylidenphenylamine-N-oxide affording only endo-
adducts with enantiomeric ratios of up to 94/6 for the 3,5-endo
adduct. The molecular structure of complex 2, determined by
X-ray diffraction analysis, reveals the presence of a chiral
pocket around the labile solvent molecules coordination
sites. When a prochiral substrate coordinates the metal inside
this chiral pocket, the two phenyl groups of the tetradentate
ligand shield one of its enantiofaces. Consequently, an
incoming reagent preferentially approaches the coordinated
substrate through its clearer enantioface resulting in
enantioselection.

Finally, the ndings reported in this work open the door to
the design and use of new polydentate ligands capable of
generating stereogenic metal centres both in octahedral metal
geometries and in metal complexes with other coordination
numbers. Likewise, the studies can be extended to other
metals and, in particular, to cheap, non-toxic and earth-
abundant metals of the rst transition series, with inherent
economic and environmental benets. Further work in this
area is in progress in our laboratory and will be reported in due
course.

Experimental

All preparations have been carried out under argon, unless
otherwise stated. All solvents were treated in a PS-400-6 Inno-
vative Technologies Solvent Purication System (SPS). Infrared
spectra were recorded on PerkinElmer Spectrum-100 (ATR
mode) FT-IR spectrometer. CD spectra were determined in
MeOH (ca. 4 × 10−4 mol L−1 solutions) in a 1 cm path length
cell by using a Jasco-810 apparatus. Carbon, hydrogen and
nitrogen analyses were performed using a PerkinElmer 240 B
microanalyzer. 1H, 13C and 31P spectra were recorded on
a Bruker AV-300 (300.13 MHz), a Bruker AV-400 (400.16 MHz) or
a Bruker AV500 (500.13 MHz) spectrometers. Chemical shis
are expressed in ppm upeld from SiMe4, 85% H3PO4 (31P) or
CFCl3 (

19F). COSY, NOESY, HSQC, HMQC, and HMBC 1H–X (X=
1H, 13C, 31P) correlation spectra were obtained using standard
procedures. Flash chromatography was performed on an
Interchim (PuriFlash 450) instrument using a PF-50SIHP
column (25 g, 30 mm).

Improved synthesis of the complex 1

At RT, to a suspension of RhCl3 × H2O (1.00 g, 3.85 mmol) in
20 mL of ethanol, 2.07 g of L1 were added. The resulting
suspension was stirred under reux overnight. During this time,
the colour of the suspension gradually changes from pink-red to
yellow. Aer the reaction time, the suspension was cooled to
room temperature and 2.21 g (8.31 mmol) of NaAcO was added.
The resulting suspension was stirred for 3 h under reux.
During this time, a yellow precipitate was formed. The solid was
ltered off and extracted with CH2Cl2 (3× 15 mL). The resulting
© 2022 The Author(s). Published by the Royal Society of Chemistry
yellow solution was vacuum-dried to give analytically pure
compound 1. Yield: 2.01 g (73%). The spectroscopic data for
complex 1were in agreement with the previously reported in the
literature.13e
Preparation and characterization of the complex 2
To a solution of [RhCl2(k
4C,N,N′,P-L1)] (1) (1.00 g, 1.40 mmol) in

40 mL of acetonitrile, 963.4 mg (2.81 mmol) of AgSbF6 were
added. The resulting suspension was placed under reux for
40 h and then ltered to remove any insoluble material. The
resulting light yellow solution was evaporated to ca. 1 mL. The
slow addition of Et2O (25 mL) led to the precipitation of a pale
yellow solid that was ltered off, washed with Et2O (3 × 5 mL)
and vacuum-dried. Yield: 1.54 g (92%) Anal. calcd C37H33F15-
N4PRhSb2$2CH2Cl2: C, 34.30; H, 2.73; N, 4.10. Found: C, 34.13;
H, 2.67; N, 3.97. IR (solid, cm−1): n(CN) 2327 (br), n(CN) 2298
(br), n(SbF6) 654 (s). 1H NMR (500.13 MHz, CD2Cl2/acetone-d6,
RT, ppm): d = 8.50 (broad pseudo-triplet, J = 4.6 Hz, 1H, 6-
CH(Py)), 8.01 (ptd, J = 7.8, 1.4 Hz, 1H, CH(Ar)), 7.80–7.42 (m,
14H, H(Ar)), 6.97 (d, J= 9.6 Hz, 1H, 5-CH(Ph)), 6.84–6.78 (m, 4H,
2× CH(Ar), 6-CH(Ph), 3-CH(Ph)), 5.22 (d, J = 15.8 Hz, 1H, pro-S-
CH2(Py)), 4.75 (d, J = 16.0 Hz, 1H, pro-R-CH2(P)), 4.74 (d, J =
14.0 Hz, 1H, pro-R-CH2(Py)), 4.64 (d, J = 17.9 Hz, 1H, pro-R-
CH2(Ph)), 4.52 (ddd, J= 14.1, 5.0, 1.8 Hz, 1H, pro-S-CH2(P)), 4.07
(d, J = 17.9 Hz, 1H, pro-S-CH2(Ph)), 2.69 (s, 3H, NCMe cis to C),
and 2.42 (s, 3H, NCMe trans to C). 13C{1H} NMR (125.77 MHz,
CD2Cl2/acetone-d6, RT, ppm): d= 155.79 (d, J = 1.9 Hz, 2-C(Py)),
149.30 (brdd, JRh-C = 29.1 Hz, JP-C = 8.7 Hz, CRh), 148.30 (s, 6-
CH(Py)), 148.16 (s, 2-C(Ph)), 141.05–128.45 (m, 18C(H)(Ar)),
127.30 (q, JRh-C = 32.4 Hz, 4-C(Ph)), 127.08 (d, JRh-C = 5.8 Hz,
NCMe cis to C), 123.52 (q, JF-C = 271.40 Hz, CF3), 125.98–120.26
(m, 6C(H)(Ar)), 124.13 (brs, NCMe trans to C), 74.31 (s, CH2(Py)),
66.95 (d, J = 7.9 Hz, CH2(P)), 66.24 (s, CH2(Ph)), 3.95 (s, NCMe
cis to C), 1.08 (s, NCMe trans to C). 19F{1H} NMR (282.33 MHz,
CD2Cl2/acetone-d6, RT, ppm): d = −65.52 (s). 31P{1H} NMR
(202.46 MHz, CD2Cl2/acetone-d6, RT, ppm): d = 28.58 (d, J =
114.1 Hz).
RSC Adv., 2022, 12, 34704–34714 | 34711
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Preparation and characterization of the complex 3
At room temperature, to a solution of [RhCl2(k
4C,N,N′,P-L1)] (1)

(500.0 mg, 0.701 mmol) in 30 mL of wet dichloromethane,
1.55 mmol of AgSbF6 were added. The pale yellow suspension
was stirred for 72 h and then was ltered to remove the AgCl
formed. The solution was evaporated to ca. 5 mL. Addition of
10 mL Et2O and 10 mL of n-pentane led to the precipitation of
a light yellow solid that was ltered off and vacuum-dried to
afford complex 3 as a microcrystalline solid. Yield: 460.0 mg
(57%). Anal. calcd C33H31F15N2O2PRhSb2: C, 34.47; H, 2.72; N,
2.44. Found: C, 34.16; H, 2.57; N, 2.51. IR (solid, cm−1): n(OH)
3500 (br), n(SbF6) 653 (s). 1H NMR (500.13 MHz, CD2Cl2, RT,
ppm): d= 8.32 (pt, J = 4.2 Hz, 1H, 6-CH(Py)), 7.96–6.66 (m, 20H,
H(Ar)), 4.98 (d, J = 16 Hz, 1H, pro-S-CH2(Py)), 4.74–4.67 (over-
lapped, 4H, 2× OH2), 4.59 (d, J = 14.4 Hz, 1H, pro-R-CH2(P)),
4.53 (d, J = 15.6 Hz, 1H, pro-R-CH2(Py)), 4.49 (d, J = 18.5 Hz, 1H,
pro-R-CH2(Ph)), 4.30 (dd, J = 14.8, 3.2 Hz, 1H, pro-S-CH2(P)),
3.94 (d, J = 18.2 Hz, 1H, pro-S-CH2(Ph)).

13C{1H} NMR (125.77
MHz, CD2Cl2, RT, ppm): d = 155.87 (s, 2-C(Py)), 147.97 (s, 2-
C(Ph)), 147.55 (s, 6-CH(Py)), 143.20 (dd, JRh-C = 32.2 Hz, JP-C =

12.5 Hz, 1H, CRh), 141.74–116.54 (m, 21C(H)(Ar)), 111.63 (q, JF-C
= 300.7 Hz, CF3), 73.81 (s, CH2(Py)), 66.78 (d, J = 7.4 Hz,
CH2(P)), 66.30 (s, CH2(Ph)).

19F{1H} NMR (282.33 MHz, CD2Cl2,
RT, ppm): d = −62.79 (s). 31P{1H} NMR (202.46 MHz, CD2Cl2,
RT, ppm): d = 27.74 (d, J = 125.6 Hz).
Preparation y characterization of the diastereomers
(CRh,RN,SC/ARh,SN,SC)-4

To a suspension of 72.1 mg (0.477 mmol) of (S)-phenylglycine
in 40 mL of EtOH, 60.1 mg (0.715 mmol) of NaHCO3 were
added. Aer 15 min of vigorous stirring, 600.0 mg (0.502
mmol) of rac-[Rh(k4C,N,N′,P-L1)(NCMe)2][SbF6]2 (2) were
added and the resulting suspension was reuxed for 12 h. Aer
cooling the reaction mixture to RT, the solvent was vacuum-
evaporated until dryness and the residue was extracted with
CH2Cl2 (4 × 15 mL). The resulting solution was vacuum-
concentrated until ca. 3 mL. The addition of Et2O afforded
a pale yellow solid which was ltered off, washed with Et2O (2
× 3 mL) and dried under vacuum. Yield: 406.2 mg (79%).
Molar ratio (CRh,RN,SC)-4:(ARh,SN,SC)-4, 1/1. Crystallization of
34712 | RSC Adv., 2022, 12, 34704–34714
this mixture from MeOH/Et2O affords a (CRh,RN,SC)-4/(ARh,-
SN,SC)-4, 57/43 molar ratio mixture of diastereomers. Anal.
calcd C41H35F9N3O2PRhSb: C, 49.77; H, 3.56; N, 4.24. Found:
C, 49.38; H, 3.47; N, 4.00. IR (solid, cm−1): n(NH2) 2959 (br),
n(C]O) 1640 (s), n(SbF6) 656 (s).

(ARh,SN,SC)-4 diastereomer. 1H NMR (500.13 MHz, CD2Cl2,
RT, ppm): d = 8.32 (broad pseudo-triplet, J = 4.0 Hz, 1H, 6-
CH(Py)), 7.96–6.60 (m, 25H, CH(Ar)), 5.28 (d, J = 15.6 Hz, 1H,
pro-S-CH2(Py)), 5.02 (dd, J = 11.0, 6.3 Hz, 1H, pro-S-NH2), 4.94
(d, J= 14.6 Hz, 1H, pro-S-CH2(P)), 4.67 (d, J= 15.9 Hz, 1H, pro-R-
CH2(Py)), 4.60–4.54 (m, 2H, pro-S-CH2(P), pro-R-CH2(Ph)), 3.87
(d, J = 17.4 Hz, 1H, pro-R-CH2(Ph)), 3.98 (dd, J = 12.1, 6.3 Hz,
1H, C*H), 2.79 (pt, J = 11.2 Hz, 1H, pro-R-NH2).

13C{1H} NMR
(125.77 MHz, CD2Cl2, RT, ppm): d= 179.45 (s, COO), 160.93 (dd,
JRh-C = 25.80 Hz, JP-C = 9.90 Hz, 1H, CRh), 156.11 (d, J = 1.7 Hz,
2 C(Py)), 147.38 (s, 6-CH(Py)), 145.45–115.98 (m, 34C(H)(Ar)),
74.72 (s, CH2(Py)), 68.65 (d, J = 5.6 Hz, CH2(P)), 67.26 (s,
CH2(Ph)), 60.05 (s, C*). 19F{1H} NMR (282.33 MHz, CD2Cl2, RT,
ppm): d = −62.48 (s). 31P{1H} NMR (202.46 MHz, CD2Cl2, RT,
ppm): d = 29.67 (d, J = 130.8 Hz).

(CRh,RN,SC)-4 diastereomer. 1H NMR (500.13 MHz, CD2Cl2,
RT, ppm): d = 8.38 (broad pseudo-triplet, J = 3.9 Hz, 1H, 6-
CH(Py)), 7.88–6.61 (m, 25H, CH(Ar)), 5.11 (d, J = 14.8 Hz, 1H,
pro-R-CH2(P)), 5.07 (d, J = 15.9 Hz, 1H, pro-S-CH2(Py)), 4.49 (d, J
= 16.0 Hz, 1H, pro-R-CH2(Py)), 4.64–4.53 (m, 3H, pro-S-CH2(Py),
pro-S-CH2(P), pro-R-CH2(Ph)), 4.20 (dd, J= 11.5, 9.3 Hz, 1H, pro-
R-NH2), 3.87 (dd, J = 17.4 Hz, 1H, pro-S-CH2(Ph)), 3.71 (dd, J =
12.0, 7.3 Hz, 1H, pro-S-NH2), 3.10 (pt, J = 8.0 Hz, 1H, C*H). 13C
{1H} NMR (125.77 MHz, CD2Cl2, RT, ppm): d = 180.06 (s, COO),
160.68 (dd, JRh-C = 24.29 Hz, JP-C = 10.56 Hz, 1H, CRh), 155.88
© 2022 The Author(s). Published by the Royal Society of Chemistry
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(d, J = 2.0 Hz, 2-C(Py)), 147.42 (s, 6-CH(Py)), 145.10–115.88 (m,
34C(H)(Ar)), 74.84 (s, CH2(Py)), 68.52 (d, J = 5.6 Hz, CH2(P)),
67.69 (s, CH2(Ph)), 58.61 (s, C*). 19F{1H} NMR (282.33 MHz,
CD2Cl2, RT, ppm): d = −62.54 (s). 31P{1H} NMR (202.46 MHz,
CD2Cl2, RT, ppm): d = 28.83 (d, J = 130.1 Hz).

Chromatographic separation of the diastereomers (CRh,RN,SC/
ARh,SN,SC)-4

An equimolar mixture of diastereomers (CRh,RN,SC/ARh,SN,SC)-
[Rh(k4C,N,N′,P-L1)((S)-phenylglycinato)][SbF6] (200.0 mg, 0.194
mmol) was eluted with a CH2Cl2/MeOH (98.75/1.25, v/v, 30
mL min−1) mixture on a silica column (SI-HP, 25 g, 30 mm).
Three fractions A, B and C, were consecutively collected. Frac-
tion A (43.0 mg, 0.042 mmol, 21%) was diastereopure (ARh,SN,-
SC)-4. Fraction B (96.0 mg, 0.093 mmol, 48%) was an equimolar
mixture of the diastereomers (CRh,RN,SC/ARh,SN,SC)-4. Fraction
C (36.0 mg, 0.035 mmol, 18%) was diastereopure (CRh,RN,SC)-4.

Elimination of the auxiliary. Crystallization of enantiopure
(ARh,RN)-1 and (CRh,SN)-1

To a suspension of diastereopure (ARh,SN,SC)-4 (20.0 mg, 0.019
mmol) in 4 mL of EtOH, 0.20 mL of 12 M HCl(aq) were added.
Aer 48 h at RT, a pale yellowmicrocrystalline solid precipitated
from the bright yellow solution. It was collected by ltration and
successively washed with EtOH (3 × 3 mL) and Et2O (3 × 3 mL).
The second fraction of the product was obtained from the
ltrate (12 mg). Total yield: 89%. The isolated solid was char-
acterized as (ARh,RN)-1. The diastereomer (CRh,SN)-1 was simi-
larly obtained starting from (CRh,RN,SC)-4 (yield: 87%). The
optical purity of the samples was determined by HPLC with
a Chiralpak IB column (0.46 × 25 cm) with IB guard (0.46 cm ×

5 cm) (65/35, CH3CN/H2O, 0.1% CF3COOH; 0.4 mL min−1; tR
151.8 and 156.7 min for (ARh,RN)-1 and (CRh,SN)-1, respectively).
Circular dichroism spectra: (ARh,RN)-1 (MeOH, 5.8 × 10−4 M,
RT, l(nm) (D3)): 282 (−90.96), 205 (−25.28), 360 (+17.68).
(CRh,SN)-1 (MeOH, 4.0 × 10−4 M, RT, l(nm) (D3)): 282 (+106.12),
205 (+26.53), 360 (−11.37).

Preparation of the diastereopure solvate complex 2

Diastereopure (ARh,RN)-2 was prepared starting from the corre-
sponding diastereopure chlorido complex (ARh,RN)-1, as re-
ported above for rac-2.

Catalytic procedure for the DA reaction between methacrolein
and cyclopentadiene

At RT, in an NMR tube, to a solution of 1.16 × 10−3 or 2.32 ×

10−3 mmol (5 or 10 mol%) of the corresponding catalyst in
CD2Cl2 (0.5 mL), 2.0 mL (0.023 mmol) of methacrolein and
10 mg of 4 Å MS were added. Aer 5 min, 7.0 mL (0.081 mmol) of
freshly distilled cyclopentadiene was added. Aer the indicated
reaction times, the conversion and exo/endo ratio were deter-
mined by 1H NMR. The enantiomeric ratio for the exo isomer
was determined by integration of the 1H NMR signals in pres-
ence of the chiral shi reagent (+)-Eu(hfc)3. Major enantiomer
(R), d = 17.10 ppm; minor enantiomer (S), d = 19.09 ppm.18
© 2022 The Author(s). Published by the Royal Society of Chemistry
Catalytic procedure for the 1,3-dipolar cycloaddition reaction
between methacrolein and N-benzylidenphenylamine-N-oxide

In an NMR tube, complex 2 (1.16 × 10−3 mmol (2.70 mg),
5 mol%) was dissolved in CD2Cl2 (0.2 mL) at −25 °C. Freshly
distilled methacrolein (5 mL, 0.07 mmol) and 10.0 mg of acti-
vated 4 Å molecular sieves were added. Aer seeking the
resulting suspension, a solution of N-benzylidenphenylamine-
N-oxide (6.70 mg, 0.035 mmol) in CD2Cl2 (0.3 mL) was added.
Regioselectivity was determined by the integration of the 1H
NMR signal of the C3 proton on the crude mixture in CD2Cl2.
Enantioselectivity was determined by the integration of the 1H
NMR signals of the diastereomeric (S)-methylbenzylimine
derivatives.
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