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Rh(III) and Ru(II) complexes, [RhCl2(k
4-N2N’P-L)][SbF6] (1) and

[RuCl2(k
4-N2N’P-L)] (2), were synthesised using the tetradentate

ligand L (L=N,N-bis[(pyridin-2-yl)methyl]-[2-
(diphenylphosphino)phenyl]methanamine). In each case only
one diastereomer is detected, featuring cis-disposed pyridine
groups. The chloride ligand trans to pyridine can be selectively
abstracted by AgSbF6, with the ruthenium complex (2) reacting
more readily at room temperature compared to the rhodium
complex (1) which requires elevated temperatures. Rhodium
complexes avoid the second chloride abstraction, whereas
ruthenium complexes can form the chiral bisacetonitrile
complex [Ru(k4-N2N’P-L)(NCMe)2][SbF6]2 (5) upon corresponding

treatment with AgSbF6. The complex [RhCl2(k
4-N2N’P-L)][SbF6]

(1) has also been used to synthesise polymetallic species, such
as the tetrametallic complex [{RhCl2(k

4-N2N’P-L)}2(μ-Ag)2][SbF6]4
(6) which was formed with complete diastereoselectivity and
chiral molecular self-recognition. In addition, a stable bimetallic
mixed-valence complex [{Rh(k4-N2N’P-L)}{Rh(COD)}(μ-Cl)2][SbF6]2
(7) (COD=cyclooctadiene) was synthesised. These results high-
light the significant differences in chloride lability between Rh3+

and Ru2+ complexes and demonstrate the potential for
complexes to act as catalyst precursors and ligands in further
chemistry applications.

Introduction

In asymmetric catalysis, the primary source of catalyst chirality
has traditionally been chiral organic molecules with stereogenic
carbon atoms or those exhibiting atropoisomerism.[1] Conse-
quently, the predominant design of an asymmetric metal
catalyst involves the use of an enantiopure chiral ligand.
Numerous enantiopure ligands with diverse stereoelectronic
properties have been developed and continue to be refined for
coordination to metal centres, achieving very high enantiose-
lectivities in a wide range of catalytic processes. Recently, there
has been considerable interest in the application of asymmetric
catalysis to chiral metal complexes with non-chiral ligands.[2]

Among the few studies conducted on the synthesis of chiral-at-
metal catalysts, most examples described are octahedral

complexes, although some tetrahedral complexes have also
been explored.[3]

Chiral octahedral complexes have been known since 1911
when Werner reported [Co(en)3]

3+ (en=ethylenediamine) (I,
Scheme 1).[4] Recently, Gladysz and co-workers prepared Wern-
er-type Co(III) complexes with three achiral bidentate ligands
and demonstrated their efficacy as enantioselective catalysts.[5]

Meggers and co-workers have prepared cyclometalated
Rh(III) and Ir(III)[6] complexes of octahedral geometry (II,
Scheme 1) in which two monoanionic bidentate CN ligands (5-
tert-butyl-2-phenylbenzoxazole) occupy four of the six coordi-
nation sites of the metal atom. Due to a strong preference for
the configuration in which both nitrogen atoms are trans to
each other, the complexes form with perfect diastereoselectiv-
ity, yielding five-membered metallacycles that confer significant
stability to the metal complex. Once resolved, these complexes
have been used as enantioselective catalysts. In the search for
new metal-centred chiral catalysts, Meggers’ group has ex-
plored other octahedral complexes based on Ru(II),[7] Fe(II)[8] (III)
and Os(II)[9] (VI) with two N-heterocyclic carbene-pyridine
ligands coordinated in a bidentate manner. These ligands
confer great configurational stability to the complex, yielding
only one diastereomer with the pyridine groups in the trans
position. In addition, ruthenium catalysts VI lacking C2 symme-
try have been diastereoselectively synthesised containing two
cyclometalated 7-methyl-1,7-phenanthroline heterocycles,
which can be described as two pyridine-carbene chelate ligands
with the pyridine and carbene in trans positions.

In 2018, we reported an enantioselective catalytic metal
system in which the octahedral complex exhibits metal-centred
chirality using achiral ligands.[10] To address the stereochemical
control of the six metal coordination positions, we used a
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tripodal achiral tetradentate ligand to diastereoselectively
prepare chiral octahedral complexes of Rh(III)[11] (V, Scheme 1)
and Ru(II)[12]. The coordination atoms of the tetradentate ligand
include two nitrogen atoms (one from the sp3 amine and the
other from pyridine), one phosphorus atom from the arylphos-
phine group and one carbon atom from the cyclometalated aryl
group. The synthetic route is highly diastereoselective: only a
single isomer is detected and isolated, in which the phosphorus
and pyridine nitrogen are mutually in trans. Recently, we have
successfully synthesised and resolved the chiral-at-rhodium
complex VI based on the tetradentate ligand,[13] which exhibits
a dynamic configuration at the rhodium centre at room
temperature without loss of chiral information. This dynamic
configuration is mediated by a non-dissociative mechanism
involving a concerted transition state with trigonal bipyramidal
geometry.

In this work we present a fully diastereoselective synthetic
route to obtain chiral rhodium and ruthenium dichlorido

complexes of formula [RhCl2(k
4-N2N’P-L)][SbF6] (1) and [RuCl2(k

4-
N2N’P-L)] (2), where N2N’P-L represents the coordinated tripodal
tetradentate ligand shown in Scheme 2. A detailed study of the
dichloride abstraction reaction using silver hexafluoroantimo-
nate reveals significant differences in chloride lability reactivity
between the two metals. This enables two types of potential
applications, with the ruthenium complex acting as a catalyst
and the rhodium as a ligand in polymetallic complexes.

Results and Discussion

Synthesis and Characterization of Dichloride Complexes
[RhCl2(k4-N2N’P-L)][SbF6] (1) and [RuCl2(k4-N2N’P-L)] (2)

The tetradentate ligand L (Scheme 2) was synthesized as
previously reported. One-pot reductive amination of 2-diphe-
nylphosphino benzaldehyde with di-(2-picolyl)amine in the

Scheme 1. Chiral-at-metal catalysts.

Scheme 2. Synthesis dichlorido complexes 1 and 2.
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presence of an excess of NaBH(OAc)3 afforded the ligand in
high overall yield.[14]

Dichloride complex 1 was prepared by treating RhCl3 · xH2O
with a molar equivalent of the ligand L in refluxing ethanol
overnight (Scheme 2). For ruthenium complex 2, a suspension
of [(η6-C6H6)RuCl2]2 and the ligand L was treated under argon in
ethanol, refluxing overnight.[12] The long reaction times required
may be due to the low solubility of the reagents and products
under the reaction conditions.

Analytical and spectroscopic data indicate that the isolated
solids consist of only one diastereomer derived from the
tetradentate coordination of ligand L (k4-N2N’P) to Rh(III) and
Ru(II) through the three nitrogen and phosphorus atoms, with
two chlorides in the cis position. From a stereochemical point of
view, with the tetradentate coordination mode of ligand L, two
diastereomers are possible. In the octahedral fragments

{MCl2(k
4-N2N’P-L)} (M=Rh, Ru), fac coordination of the three

nitrogen atoms results in a chiral complex with a stereogenic
metal centre. However, if the coordination mode is mer, no
chiral complex will be formed. The two possible diastereomers
of complexes 1 and 2 are depicted in Scheme 3.[15]

The new complexes were characterised by analytical and
spectroscopic methods (see Experimental Section). The assign-
ment of the NMR signals was verified using two-dimensional
homonuclear and heteronuclear correlation techniques. The 31P
{1H} NMR spectrum consists of a doublet at 30.66 ppm with a
coupling constant (J103Rh-31P) of 107.6 Hz for complex 1. In the 1H
NMR spectrum for complex 1 shown in Figure 1, the six protons
of the three methylene groups, each with a distinct chemical
shift, are observed between 3.5 and 5.7 ppm (see Experimental
Section). The absence of equivalent CH2 protons confirms the
chiral nature of the complex 1, which lacks a plane of symmetry.
Similarly, each signal assigned to the two protons at position 6
of the pyridine groups (6-CH(Py)) displays a distinct multiplicity
and chemical shift: one appears at 9.11 ppm as a pseudo-triplet
(J31P-1H=2.4 Hz) and the other at 8.51 ppm as a doublet (J1H-1H=

5.3 Hz). The difference in the coupling constants on the 6-
CH(Py) protons can be attributed to the cis position of the two
pyridine groups, resulting in higher coupling when the
phosphorus atom is in the trans position to a pyridine (PytransP).
These findings can be applied to all the complexes studied,
distinguishing the chiral-at-metal isomer from the achiral
isomer. The value of the J31P-1H coupling constant, along with
COSY, HSQC and HMBC experiments, allows the assignment of
the six protons, labelled as CH2(P), CH2(PytransP) and CH2(PycisP).
The NOE relationship pattern for the six methylene protons
(Scheme 4) is only compatible with the chiral-at-metal OC-6-43
isomer (Scheme 3), where the phosphorus and the pyridine
nitrogen atoms are mutually in trans.

For the ruthenium complex 2, the 31P{1H} NMR spectrum
shows only one singlet centred at 58.76 ppm. The proton NMR
of 2 shows six signals for each methylene proton and two
signals for the 6-CH(PytransP) (9.62 ppm, t, J=2.0 Hz) and 6-
CH(PycisP) (8.53 ppm, d, J=4.7 Hz) protons, indicating that the
obtained isomer is the chiral one. The proposed isomer of 2 is
different from the one reported by Jia et al. for the parent

Scheme 3. Dichlorido isomers.

Figure 1. 1H and 31P{1H} NMR spectra of complex 1 in CD2Cl2.

Wiley VCH Sonntag, 25.08.2024

2499 / 365296 [S. 3/16] 1

ChemPlusChem 2024, e202400410 (3 of 15) © 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH

ChemPlusChem
Research Article
doi.org/10.1002/cplu.202400410

 21926506, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cplu.202400410 by U
niversidad D

e Z
aragoza, W

iley O
nline L

ibrary on [01/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



complex with the same ligand [Ru(OAc)(k4-N2N’P-L)][BPh4],
[14,16]

where the non-chiral isomer is formed. However, when this
complex reacts with phenylacetylene and H2O at 80 °C, the
chiral-at-metal isomer [Ru(CH2Ph)(CO)(k

4-N2N’P-L)][BPh4] is ob-
tained. We, therefore, propose that since the reaction of 2 is
carried out in refluxing ethanol, the isomer obtained is likely to
be the thermodynamic one, corresponding to the chiral OC-6-
43 isomer.

Single crystals of complexes 1 and 2, were prepared from
dichloromethane solutions and analysed by X-ray diffraction.[17]

Figure 2 shows the molecular structure of the complexes (only
one of the two enantiomers is shown) and Table 1 lists the
relevant structural parameters of the metal coordination
spheres. Both molecular structures exhibit an octahedral
coordination geometry around the central metal atom. Two
chloride ligands occupy cis coordination sites, while the four
donor atoms of the tetradentate ligand L complete the
coordination sphere. According to the NMR data, the
phosphorus atom is trans to the pyridine nitrogen N(1), while
the chlorine atoms Cl(1) and Cl(2) are trans to the pyridine
nitrogen N(2) and the amine nitrogen N(3), respectively. In

complex 1, the bond lengths Rh� Cl(1) (2.3361(7) Å) and
Rh� Cl(2) (2.3359(7) Å) show no significant differences. In
complex 2, however, the difference in bond length between
Ru� Cl(1) (2.4341(3) Å) and Ru� Cl(2) (2.4580(3) Å) is attributed to
the stronger trans influence of the pyridine nitrogen N(1)
compared to the sp3 nitrogen N(3).[18] In addition, the trans
influence of phosphine compared to the pyridine nitrogen is
observed in the bond lengths Rh� N(1) (2.073(2) Å) and Rh� N(2)
(2.102(2) Å) in complex 1 and Ru� N(1) (2.1031(9) Å) and Ru� N(2)
(2.1341(9) Å) in complex 2, respectively.

Synthesis and Characterisation of Complexes [MCl(k4-N2N’P-
L)(NCMe)][SbF6]n, M=Rh (3), n= +2; Ru (4), n= +1

Silver salt metathesis is a widely used method to obtain suitable
catalyst precursors. This process replaces the chloride ligands in
these complexes with more labile ligands, such as solvent
molecules, generating transition-metal fragments with vacant
sites. However, despite its widespread use, the method has
shortcomings, including incomplete chloride abstraction lead-

Scheme 4. Assignment of the descriptors and NOE relationship pattern on OC-6-43-C isomer.

Figure 2. Molecular structure of the complexes 1 ·CH2Cl2 (left) and 2 ·CH2Cl2 (right). For clarity, hydrogen atoms and solvate molecules have been omitted.
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ing to binuclear bridged chloride complexes or the formation of
silver-containing heteronuclear complexes.[19]

The synthesis of complexes [MCl(k4-N2N’P-L)(NCMe)][SbF6]n
M=Rh (3), n= +2; Ru (4), n= +1 were conducted in acetonitrile
in the presence of AgSbF6 (molar ratio 1/1). During the reaction
time, a suspension of AgCl was formed in the medium, and
from the filtered solutions, the new cationic complexes were
isolated: [RhCl(k4-N2N’P-L)(NCMe)][SbF6]2 (3) in 80% yield and
[RuCl(k4-N2N’P-L)(NCMe)][SbF6] (4) in 90% yield, as depicted in
Scheme 5. Notably, the chloride ligand abstraction reaction of
cationic rhodium 3 requires 4 days of heating at 60 °C, whereas
the reaction for neutral ruthenium complex 4 takes place in 4 h
at room temperature. This significant difference in behaviour
highlights the distinct nature of the metal centres concerning
the formal charge, Lewis acidity, and the relative ligand
dissociation ability of complexes 3 and 4.

The complexes were fully characterised by analytical and
spectroscopic methods (see Experimental Section). The NMR
spectra of complexes 3 and 4 consist of a single set of sharp
resonance signals, indicating perfect selectivity of the reaction.
The 31P NMR spectra for 3 and 4 in CD2Cl2, show only one
doublet at 28.80 ppm (d, J=98.2 Hz) and singlet at 55.79 ppm,
respectively. The 1H NMR spectra present six signals for
methylene protons of ligand L coordinated to the metal centre,
and different chemical shifts for the 6-CH(Py): trans (Rh,

8.98 ppm, t, J=4.3 Hz); (Ru, 9.31 ppm, m) and cis (Rh, 8.25 ppm,
d, J=6.1 Hz); (Ru, 8.68 ppm, d, J=6.1 Hz) to the phosphorus
atom. These indicate the complete selectivity of the reaction to
one isomer of 3 and 4.

The 1H-31P HMBC experiment of complex 3 correlates the
proton signal at 1.93 ppm, assigned to coordinated acetonitrile,
with the phosphorus signal, confirming acetonitrile coordina-
tion to the rhodium atom. Similar observations were made for
ruthenium complex 4, and the phosphorous signal correlates
with the methyl group of NCMe at 1.85 ppm. The mass
spectrometry agrees with the presence of the fragment {MCl(k4-
N2N’P-L)(NCMe)} with only one coordinated chloride atom. For
both complexes, 3 and 4, the NOESY spectra show interactions
between the acetonitrile methyl protons and CH2(P) and
CH2(PytransP) groups, confirming that the formed and isolated
monochlorido complex [MCl(k4-N2N’P-L)(NCMe)][SbF6]n (M=Rh
(3), n= +2; Ru (4), n= +1) is the isomer in which the NCMe
ligand is in trans disposition to the pyridine ring (Scheme 5).

Single crystals of 4, suitable for X-ray analysis, were
obtained from dichloromethane solutions of the compound.
The structure of the complex cation is depicted in Figure 3, and
relevant characteristics of the metal coordination sphere are
summarised in Table 2. Complex 4 features a stereogenic
ruthenium in an octahedral geometry, coordinated by the
ligand L (k4-N2N’P), a chloride ligand, and an acetonitrile group.

Table 1. Selected bond lengths (Å) and angles (°) for complexes 1 ·CH2Cl2 and 2 ·CH2Cl2.

1 2 1 2

M� Cl(1) 2.3361(7) 2.4341(3) Cl(2)� M� P 94.94(3) 93.259(12)

M� Cl(2) 2.3359(7) 2.4580(3) Cl(2)� M� N(1) 92.11(6) 90.95(3)

M� P 2.2915(7) 2.2408(3) Cl(2)� M� N(2) 87.05(6) 94.04(3)

M� N(1) 2.073(2) 2.1031(9) Cl(2)� M� N(3) 174.59(7) 172.14(3)

M� N(2) 2.102(2) 2.1341(9) P� M� N(1) 94.09(7) 93.73(3)

M� N(3) 2.040(2) 2.0453(12) P� M� N(2) 174.25(7) 170.23(3)

Cl(1)� M� Cl(2) 89.41(3) 90.957(12) P� M� N(3) 88.78(7) 92.20(3)

Cl(1)� M� P 91.04(3) 95.721(12) N(1)� M� N(2) 80.43(9) 79.68(4)

Cl(1)� M� N(1) 174.50(6) 170.24(3) N(1)� M� N(3) 83.68(9) 83.05(4)

Cl(1)� M� N(2) 94.38(7) 90.64(3) N(2)� M� N(3) 88.89(9) 79.92(3)

Cl(1)� M� N(3) 94.46(7) 94.13(3)

Scheme 5. Synthesis of monoacetonitrile complexes 3 and 4 and NOE interactions.
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Consistent with the NMR spectroscopic data, the coordinated
acetonitrile is trans to the pyridinic N(3). Simultaneously, the
chlorine atom Cl(1) is trans to N(1). The Ru� Cl(1) bond length
(2.4169(4) Å) in 4 is slightly shorter than the Ru� Cl(1) bond in 2
(2.4341(3) Å), likely due to the increased formal charge on the
metal centre. Reflecting different trans influence, the Ru� N(2)
bond distance (2.1285(13) Å, trans to the P(1) atom) is
approximately 0.0792 Å longer than the Ru� N(3) bond distance
(2.0493(13) Å, trans to the acetonitrile group. Based on the
arrangement of the coordination atoms around the metal, 4 is a
chiral-at-ruthenium complex, identified as the OC-6-54 diaster-
eomer.

In conclusion, the study of dichlorido compounds 1 and 2 in
the presence of one equivalent of AgSbF6 has revealed a
marked asymmetry in the reactivity of the two chloride ligands.
This well-differentiated behaviour leads to the selective abstrac-
tion of one chloride ligand. This process takes place more easily

for the ruthenium complex than for the rhodium complex and,
in both cases, complete diastereoselectivity towards the chiral-
at-metal isomer OC-6-54 was achieved. Notably, the relative
configuration at metal in 3 and 4 remains unchanged when one
acetonitrile molecule replaces one chloride ligand.

Synthesis and Characterization of Complex [Ru(k4-N2N’P-
L)(NCMe)2][SbF6]2 (5)

After the characterisation of monoacetonitrile complexes 3 and
4, attempts were made to replace the second chloride ligand
with another acetonitrile molecule. Two methods were used to
obtain the diacetonitrile complexes [M(k4-N2N’P-
L)(NCMe)2][SbF6]n (M=Rh, n= +3; Ru, n= +2) (Scheme 6). The
first method involved the abstraction of both chlorides by
adding 2 equiv. of AgSbF6 to the dichlorido complexes 1 and 2.

Figure 3. Structures of the cations of 4 (left) and 5 · (CH2Cl2)0.25 (right). For clarity, hydrogen atoms and partial solvate molecule have been omitted.

Table 2. Selected bond lengths (Å) and angles (°) for complexes 4 and 5 · (CH2Cl2)0.25.

4 5[b] 4 5[b]

Ru� X[a] 2.4169(4) 2.041(7) P(1)� Ru� N(1) 94.12(4) 93.53(18)

Ru� P(1) 2.2760(4) 2.275(2) P(1)� Ru� N(2) 172.13(4) 172.76(18)

Ru� N(1) 2.1020(13) 2.104(7) P(1)� Ru� N(3) 89.51(4) 93.34(19)

Ru� N(2) 2.1285(13) 2.128(6) P(1)� Ru� N(4) 93.74(4) 91.78(19)

Ru� N(3) 2.0493(13) 2.042(6) N(1)� Ru� N(2) 79.94(5) 79.8(2)

Ru� N(4) 2.0276(14) 2.046(7) N(1)� Ru� N(3) 82.65(5) 82.6(3)

X[a]� Ru� P(1) 94.702(13) 93.06(19) N(1)� Ru� N(4) 94.20(5) 93.7(3)

X[a]� Ru� N(1) 170.76(4) 173.2(3) N(2)� Ru� N(3) 84.63(5) 83.1(3)

X[a]� Ru� N(2) 91.02(4) 93.5(3) N(2)� Ru� N(4) 91.86(5) 91.4(3)

X[a]� Ru� N(3) 94.68(4) 95.3(3) N(3)� Ru� N(4) 175.64(5) 173.8(3)

X[a]� Ru� N(4) 87.96(4) 87.8(3)

[a] X=Cl(1) for 4 and N(4) for 5. [b] Asymmetric unit of 5 contains two cations and geometric parameters of one are reported here. Full information may be
found in Supporting Information.
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The second method used a similar approach but started from
the monochlorido complexes 3 and 4.

Treatment of the rhodium complexes 1 and 3 with AgSbF6
at 70 °C for several days did not lead to abstraction of the
second chloride ligand. This is probably due to the high Lewis
acidity of the Rh(III) centre in trivalent cationic compounds with
this type of ligand, which inhibits the substitution of the second
chloride ligand. However, in the case of ruthenium complexes 2
and 4, both methods yielded the complex [Ru(k4-N2N’P-
L)(NCMe)2][SbF6]2 (5).

Treatment of 2 and 4 with AgSbF6 at 60 °C for 12 h resulted
in the formation of complex 5 with a yield of 83%. Complex 5
was characterised by analytical and spectroscopic methods (see
Experimental Section) and X-ray diffraction studies (Figure 3,
Table 2). The NMR data for complex 5 enabled the assignment
of the six different methylenic protons of the coordinated
ligand L and the protons 6-CH(PycisP) (8.74 ppm, pt, J=5.6 Hz)
and 6-CH(PytransP) (7.89 ppm, m), indicating that the metal centre
is stereogenic. The NOESY spectra show interactions between
the methyl group of one acetonitrile molecule coordinated
(2.63 ppm) with 6-CH(PycisP) and 6-CH(PytransP), allowing us to
assign the signal to the NCMe trans to sp3-N, and the resonance
at 1.95 ppm to the NCMe trans to pyridine group (Scheme 6).
On the other hand, the 1H-31P HMBC experiment shows
correlations between the phosphorus atom (50.46 ppm, s) and
both coordinated NCMe ligands (see Experimental Section). All
NMR spectroscopic data are consistent with completely diaster-
eoselective synthesis of the chiral-at-ruthenium isomer OC-6-35
of 5, which has the same environment as complexes 2 and 4,
except that the chloride ligands have now been replaced by an
NCMe molecule.

The cation of complex 5 (Figure 3, Table 2) has a stereo-
genic ruthenium centre with four ligating atoms of L (k4-N2N’P)
coordinated in a tripodal fashion and two acetonitrile ligands
occupying the remaining coordination sites. The phosphorus
atom is trans to the pyridinic nitrogen N(2), while the nitrile
nitrogens N(5) and N(4) are trans to the sp3-N(1) and pyridinic
N(3), respectively. The structural data for complex 5 are similar
to those obtained for complex 4 and agree well with the
spectroscopic data: the OC-6-35 isomer of complex 5 is formed
and isolated in a completely diastereoselective manner. It is

important to note that both acetonitrile complexes, 4 and 5,
have potential as catalysts and could be used as enantioselec-
tive catalysts after resolution.

Synthesis and Characterization of Polymetallic Complexes
[{RhCl2(k4-N2N’P-L)}2(μ-Ag)2][SbF6]4 (6) and [{Rh(k4-N2N’P-L)}
{Rh(COD)}(μ-Cl)2][SbF6]2 (7)

Due to the challenges associated with the chloride abstraction
from the octahedral rhodium(III) complexes 1 and 3, we
decided to explore the potential application of rhodium
complex 1 as a ligand, through its two chlorides, for the
synthesis of polymetallic complexes. To evaluate this approach,
we studied the reaction of [RhCl2(k

4-N2N’P-L)][SbF6] (1) with an
equivalent amount of AgSbF6 and [Rh(COD)(NCMe)2][SbF6]
(COD=cyclooctadiene).

At room temperature, a suspension of complex [RhCl2(k
4-

N2N’P-L)][SbF6] (1) in acetone reacted with AgSbF6 in a 1 :1
molar ratio to give the polymetallic compound [{RhCl2(k

4-N2N’P-
L)}2(μ-Ag)2][SbF6]4 (6) (Scheme 7). Complex 6 was isolated as a
microcrystalline solid from a concentrated solution in dichloro-
methane with a yield of 80%. Complex 6 was characterised by
analytical and spectroscopic methods (see Experimental Sec-
tion) and X-ray diffraction studies (Figure 4, Table 3). The
structure of the polymetallic cation consists of two octahedral
{RhCl2(k

4-N2N’P-L)} fragments coordinated to two silver atoms
through the two chloride atoms. An inversion centre relates
both octahedral fragments, and therefore the polynuclear
complex contains two rhodium centres with opposite absolute
configurations.

The rhodium-chloride bonds are similar, with bond lengths
of Rh� Cl(1) at 2.3680(7) Å and Rh� Cl(2) at 2.3583(7) Å. The
silver-chloride bond distances are also comparable, with Ag� Cl-
(1) at 2.6107(8) Å and Ag� Cl(2) at 2.5826(8) Å.[20] To the best of
our knowledge, there are very few examples of Cl2Ag bridging
complexes.[20,21] In particular, the related complex [{Rh(k4-
C,N,N’,P)(NCMe)(μ-Cl)}2Ag][SbF6]3 (C,N,N’,P= tripodal tetraden-
tate monoanionic ligand)[21a] has a significantly shorter Ag� Cl
bond length (2.5360(15) Å) and a Cl� Ag� Cl angle of 120.19(8)°,

Scheme 6. Synthesis of bisacetonitrile complex 5 and NOE interactions.
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which is much larger than that found for complex 6
(111.42(2)°).

Intriguingly, the silver atoms interact with two carbon atoms
from the aromatic rings of the phosphane groups (Ag···Ct(C=C),
2.510(4) Å, Ct=centroid),[22] with an acetone molecule and two
diastereotopic chloride ligands (chloride trans to pyridine and
chloride trans to sp3-N), resulting in a distorted tetrahedral
geometry around the silver centres. This arrangement creates a
stereogenic environment around the silver atoms. Considering
the priority rules[15] Cl(2’)>Cl(1)>Ct(C=C)>O(1) for Ag(1) and
Cl(2)>Cl(1’)>Ct(C=C)>O(2) for Ag(1’), Ag(1) has the S config-
uration and Ag(1’) has the R configuration. Additionally, within
each dichlorido fragment {RhCl2(k

4-N2N’P-L)}, the two stereo-
genic rhodium centres in 6 adopt different absolute config-
urations (shown in Figure 4): anti-clockwise and clockwise for
Rh(1’) and Rh(1), respectively.

The structure of 6 shows that of all the possible diaster-
eomers that can be formed, only one diastereomer crystallises.
Therefore, the reaction between the dichloride complex 1 and
AgSbF6 to give the tetranuclear compound 6 (see Scheme 7)
proceeds with chiral molecular self-recognition: only tetrametal-
lic cation with the absolute configuration ARh(1’),SAg(1),RAg(1’),CRh(1)-6
or CRh(1’),RAg(1),SAg(1’),ARh(1)-6 is formed. The origin of this chiral
molecular self-recognition is most likely due to the attractive
Ag···Ct(C=C) interactions that stabilise the observed diastereom-
er.

Scheme 7. Synthesis of polymetallic complex 6.

Figure 4. Structure of the cation of 6 · ((CH3)2CO)2. For clarity, hydrogen atoms have been omitted. Symmetry operation: ‘) 1-x, 2-y, 2-z. Ct is the centroid of the
C=C bond of the phenyl ring, interacting with Ag.

Table 3. Selected bond lengths (Å) and angles (°) for complex
6 · ((CH3)2CO)2.

Rh(1)� Cl(1) 2.3680(7) Cl(2)� Rh(1)� P(1) 89.94(3)

Rh(1)� Cl(2) 2.3583(7) Cl(2)� Rh(1)� N(1) 95.25(7)

Rh(1)� P(1) 2.2933(8) Cl(2)� Rh(1)� N(2) 93.99(7)

Rh(1)� N(1) 2.120(2) Cl(2)� Rh(1)� N(3) 175.43(7)

Rh(1)� N(2) 2.026(2) P(1)� Rh(1)� N(1) 174.38(7)

Rh(1)� N(3) 2.068(2) P(1)� Rh(1)� N(2) 93.76(7)

Cl(1)� Rh(1)� Cl(2) 88.86(3) P(1)� Rh(1)� N(3) 94.37(7)

Cl(1)� Rh(1)� P(1) 95.52(3) N(1)� Rh(1)� N(2) 83.75(10)

Cl(1)� Rh(1)� N(1) 86.75(7) N(1)� Rh(1)� N(3) 80.39(10)

Cl(1)� Rh(1)� N(2) 170.29(7) N(2)� Rh(1)� N(3) 84.21(10)

Cl(1)� Rh(1)� N(3) 92.24(7) Cl(1)� Ag(1)� O(1) 119.93(7)

Ag(1)� Cl(1) 2.6107(8) Cl(1)� Ag(1)� Ct(1) 95.47(7)

Ag(1)� Cl(2’) 2.5826(8) Cl(2’)� Ag(1)� O(1) 84.22(7)

Ag(1)� O(1) 2.430(3) Cl(2’)� Ag(1)� Ct(1) 144.03(9)

Ag(1)� Ct(1) 2.510(4) O(1)� Ag(1)� Ct(1) 103.13(10)

Cl(1)� Ag(1)� Cl(2’) 111.42(2)

Rh(1)···Rh(1’) 7.4411(5) Rh(1)···Ag(1) 4.5791(4)

Ag(1)···Ag(1’) 3.9162(3) Rh(1)···Ag(1’) 3.7928(4)
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NMR spectra of 6 in acetone-d6 show only a single set of
signals consistent with the tetrametallic species. However, the
1H NMR spectrum, although some signals appear at different
chemical shifts, resembles that of complex 1 (Figure 5). There-
fore, to investigate whether complex 6 retains its polymetallic
structure in solution, we evaluated the hydrodynamic radii (rH)
and diffusion coefficients (Dt) in acetone solutions for com-
plexes 1 and 6 using DOSY experiments. The translational self-
diffusion coefficients (Dt, Table 4) are 9.44 m2/s for 1 and
11.17 m2/s for 6, indicating that the polymetallic complex 6
diffuses more slowly than the monomer 1. The ratio (Dt)6/(Dt)1 is
1.18, which is close to the ideal calculated value of 1.26[23] for
diffusing species with twice the volume of the other. Accord-
ingly, the hydrodynamic radii for complexes 1 and 6 (rH, Table 4)
are 6.0 Å and 7.1 Å, respectively. In summary, the diffusion
experiments suggest a tetrametallic structure for complex 6 in
acetone solution, although it may also coexist in fast equili-
brium with other related species of lower nuclearity (Scheme 8).

Synthesis and Characterization of Intermediate [{Rh(k4-N2N’P-
L)}{Rh(COD)}(μ-Cl)2][SbF6]2 (7)

Following the same strategy regarding the possibility of
complex [RhCl2(k

4-N2N’P-L)][SbF6] (1) acting as a ligand through
its chloride atoms, we investigated this behaviour using metal
fragments that form more stable metal-chloride bonds, such as
rhodium-chloride bonds in rhodium(I) species. To test this
hypothesis, the dichloride complex 1 was reacted with the Rh(I)
complex [Rh(COD)(NCMe)2][SbF6] in a 1 :1 molar ratio
(Scheme 9). After 40 min of treatment in dichloromethane at
room temperature, solids with the formulation [{Rh(k4-N2N’P-L)}

Figure 5. 1H NMR spectra of complexes 1 (up) and 6 (down).

Table 4. Diffusion coefficient (Dt, m
2s� 1), hydrodynamic radius (rH, Å) for

compounds 1 and 6.

Comp. 1010 Dt rH

1 10.78 4.71

6 7.986 6.36

Conditions: acetone-d6, 293 K, 22.72×10� 3 mM. Solvent viscosity: 0.32 cP at
293 K.

Scheme 8. Possible equilibrium for complex 6 in solution.
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{Rh(COD)}(μ-Cl)2][SbF6]2 (7) were isolated from the reaction
mixture (64%).

Single crystals suitable for X-ray diffraction analysis were
obtained from dichloromethane solutions of 7 (Figure 6).
Table 5 summarises the main parameters of the coordination
sphere. The molecular structure of the dicationic complex 7
contains two metal fragments, {Rh(k4-N2N’P-L)} and {Rh(COD)},
linked by two bridging chloride atoms (Figure 6). Mixed-valence
Rh(III)/Rh(I) complexes are rare and only a few examples have
been reported.[24] The bridging chlorides have similar bond
lengths with rhodium(III) (Rh(1)� Cl(1), 2.3692(7) Å; Rh(1)� Cl(2),
2.3784(8) Å) and significantly longer bond lengths with
rhodium(I) (Rh(2)� Cl(1), 2.4107(7) Å; Rh(2)� Cl(2), 2.4101(7) Å).
These differences reflect greater bond stability between the
{Rh(k4-N2N’P-L)} fragment and the bridging chlorides, especially
when compared to an unstable mixed-valence complex [{Rh-
(ppy)2}{Rh(COD)}(μ-Cl)2] (ppy=2-phenylpyridine anion).[24a] In
these complex the Rh(III)� Cl bond distances (2.553(1) and
2.569(2) Å) are much longer, whereas the Rh(I)� Cl bond
distances (2.407(1) and 2.410(2) Å) are similar.

When the dinuclear complex 7 was analysed in a dichloro-
methane solution, the NMR spectroscopic results showed only
one set of signals consistent with a bimetallic species in
solution. Furthermore, the signal set for complex 7 showed no
similarity to that of the mononuclear dichlorido complex 1 or
the complex [Rh(COD)(NCMe)2][SbF6]. It can be concluded that
the bimetallic complex 7 remains stable both in solution (even
after heating 24 h at 60 °C) and in solid state. This suggests that
complex 1, through its two chlorine atoms, can act as a
chelating ligand, coordinating to an {Rh(COD)} fragment to
form a bimetallic mixed-valence Rh(III)/Rh(I) complex 7 with
potential as a catalyst.

Conclusions

Ligand L forms tetracoordinated dichlorido complexes with d6

Rh3+ and Ru2+ ions, with the general formulae [MCl2(k
4-N2N’P-

L)]n (M=Rh, n= +1; Ru, n=0), showing complete diastereose-
lectivity. Specifically, for the dichlorido complexes 1 and 2, a
unique chiral OC-6-43 isomer is formed in which the two
pyridine groups are in cis disposition.

In a highly stereoselective manner, only the chloride ligand
in trans to pyridine can be abstracted by adding one equivalent
of AgSbF6. While the abstraction of chloride from rhodium

Scheme 9. Synthesis of bimetallic mixed-valence Rh(III)/Rh(I) complex 7.

Figure 6. Structure of the cation of 7 · (CH2Cl2)2. For clarity, hydrogen atoms
and solvate molecules have been omitted.

Table 5. Selected bond lengths (Å) and angles (°) for complex 7 · (CH2Cl2)2.

Rh(1)� Cl(1) 2.3693(7) Cl(2)� Rh(1)� N(1) 174.90(7)

Rh(1)� Cl(2) 2.3787(7) Cl(2)� Rh(1)� N(2) 94.17(7)

Rh(1)� P(1) 2.3026(7) Cl(2)� Rh(1)� N(3) 95.67(7)

Rh(1)� N(1) 2.058(2) P(1)� Rh(1)� N(1) 95.65(6)

Rh(1)� N(2) 2.107(2) P(1)� Rh(1)� N(2) 175.11(7)

Rh(1)� N(3) 2.024(2) P(1)� Rh(1)� N(3) 95.93(7)

Rh(2)� Cl(1) 2.4105(7) N(1)� Rh(1)� N(2) 80.75(9)

Rh(2)� Cl(2) 2.4100(7) N(1)� Rh(1)� N(3) 83.70(9)

Rh(2)� Ct(1)[a] 1.9796(3) N(2)� Rh(1)� N(3) 87.00(9)

Rh(2)� Ct(2)[a] 1.9789(3) Cl(1)� Rh(2)� Cl(2) 84.70(2)

Cl(1)� Rh(1)� Cl(2) 86.31(2) Cl(1)� Rh(2)� Ct(1) 93.045(18)

Cl(1)� Rh(1)� P(1) 92.05(2) Cl(1)� Rh(2)� Ct(2) 175.61(2)

Cl(1)� Rh(1)� N(1) 93.62(6) Cl(2)� Rh(2)� Ct(1) 174.63(2)

Cl(1)� Rh(1)� N(2) 84.92(6) Cl(2)� Rh(2)� Ct(2) 1.9885(3)

Cl(1)� Rh(1)� N(3) 171.80(7) Ct(1)� Rh(2)� Ct(2) 88.508(11)

Cl(2)� Rh(1)� P(1) 89.45(3) Rh(1)···Rh(2) 3.4351(4)

[a] Ct(1) and Ct(2) are the centroid of the C(32)=C(33) and C(36)=C(37)
olefinic bonds, respectively.
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complex 1 requires elevated temperatures and prolonged
reaction times, the reaction with ruthenium complex 2 takes
place at room temperature and in shorter times. These differ-
ences highlight the different behaviour of the d6 Rh3+ and Ru2+

ions concerning the lability of the chloride ligand, which is
influenced by the formal charge and Lewis acidity of the metal
centre.

Under the reaction conditions used, the abstraction of the
second chloride ligand does not occur in rhodium complexes 1
and 3. However, for ruthenium, treatment of complexes 2 and 4
with the appropriate amount of AgSbF6 gives the bisacetonitrile
chiral-at-metal complex [Ru(k4-N2N’P-L)(NCMe)2][SbF6]2 (5).

The reluctance of complex 1 to substitute chloride ligands
led us to explore its use as a ligand through the chlorine atoms
in Ag(I) and Rh(I) complexes. The resulting silver complex 6 is a
tetrametallic species with two Ag centres and two octahedral
units of the {RhCl2(k

4-N2N’P-L)} fragment coordinated to each
silver atom through the chlorides. This polymetallic complex
has four stereogenic metal centres and is obtained with
complete diastereoselectivity by chiral molecular self-recogni-
tion. The stabilising Ag···Ct(C=C) interactions probably explain
the preferential formation of the isolated isomer. According to
DOSY NMR data, complex 6 seems to retain its polymetallic
nature in solution. However, a possible equilibrium between
the tetrametallic species and other species of lower nuclearity
cannot be ruled out. The use of the {RuCl2(k

4-N2N’P-L)} fragment
as a ligand was also demonstrated by the formation of the
complex [{Rh(k4-N2N’P-L)}{Rh(COD)}(μ-Cl)2][SbF6]2 (7), whose bi-
metallic structure remains stable in solution.

Upon resolution of the chiral-at-metal complexes, com-
plexes 1–2 could show great potential as enantioselective
precatalysts, with complex 1 also working as a chiral ligand. We
are currently pursuing these lines of research in our laboratory.

Experimental Section

General Information

All preparations have been carried out under argon. All solvents
were treated in a PS-400-6 Innovative Technologies Solvent
Purification System (SPS) and degassed before use. Carbon, hydro-
gen and nitrogen analyses were performed using a Perkin-Elmer
240 B microanalyser. 1H, 13C and 31P and spectra were recorded on a
Bruker AV-300, a Bruker AV-400 or a Bruker AV-500 spectrometers.
Chemical shifts are expressed in ppm downfield from SiMe4 or 85%
H3PO4 (

31P). COSY, NOESY, HSQC, HMQC, and HMBC 1H� X (X=1H, 13C,
31P) correlation spectra were obtained using standard procedures.
The protons have been assigned according to the enantiomer
drawn. DOSY experiments were carried out using the PFGSE
(pulsed-field gradient spin-echo) NMR Diffusion methods and
analysed with the software implemented by Bruker on an NMR
AV500 spectrometer. Hydrodynamic radii (rH) were calculated from
the Stokes-Einstein equation: rH=kT/6πηDt where T is the absolute
temperature, k is the Boltzmann constant, η is the solvent viscosity
and Dt is the translational self-diffusion coefficient. Infrared spectra
were recorded on a Perkin-Elmer Spectrum One FT IR spectropho-
tometer. Mass spectra were obtained with a Micro Tof-Q Bruker
Daltonics spectrometer. Di-(2-picoliyl)amine (99%) and 2-diphenyl-
phosphinobenzaldehyde (97%) were purchased from Fluorochem

and Pharmatech respectively and were used without further
purification.

Preparation and Characterisation of N2N’P ligand

To a solution of di-(2-picoliyl)amine 2.06 g (10.33 mmol) in 20 mL of
CH2Cl2, 3.00 g (10.33 mmol) of 2-diphenylphosphinobenzaldehyde
and 3.35 g (15.81 mmol) of NaBH(AcO)3 were added. The resulting
solution was stirred for 24 h at room temperature and then 50 mL
of a saturated solution of NaHCO3 in water was added. After 15 min
of additional stirring the organic phase was separated by decant-
ation, washed with water (3×75 mL) and dried (MgSO4). The
insoluble materials were removed by filtration and all volatiles were
removed under vacuum. The addition of 15 mL of n-pentane to the
oily residue affords the ligand as an analytical pure solid
compound. Yield: 4.37 g (9.23 mmol, 89%). Anal. calc. for C31H28N3P:
C, 78.63; H, 5.96; N, 8.87. Found: C, 78.71; H, 6.18; N, 8.62. HRMS (μ-
TOF): C31H28N3P, [M+H]+ : calc. 474.2094, found 474.2089. The NMR
data are in good agreement with those found in the literature.[14]

[RhCl2(k
4-N2N’P-L)][SbF6] (1)

To a suspension of RhCl3 xH2O (500.0 mg, 1.92 mmol) in 40 mL
ethanol 909.2 mg (1.92 mmol) of L and 500.0 mg (1.93 mmol) of
NaSbF6 were added. The resulting suspension was stirred overnight
under reflux. During this time, the pink-red suspension became
yellow. The suspension was vacuum-dried and extracted with
dichloromethane. The resulting yellow solution was vacuum-dried
to give a microcrystalline yellow solid. Yield: 1249.9 mg (1.42 mmol,
74%). Crystals suitable for X-ray diffraction analysis were obtained
by crystallisation from CH2Cl2/Et2O solution at RT. Anal. calc. for
C31H28Cl2F6N3PRhSb: C, 42.16; H, 3.20; N, 4.76. Found: C, 42.39; H,
3.34; N, 4.63. IR ν(SbF6) 653 (s) (solid, cm� 1). HRMS (μ-TOF):
C31H28Cl2F6N3PRhSb, [M-SbF6]

+ calc. 646.0447, found 646.0442. 1H
NMR (400.16 MHz, CD2Cl2, RT, ppm): δ=9.11 (pseudo-triplet, J=

4.1 Hz, 1H, 6-CH(PytransP)), 8.29 (d, J=5.7 Hz, 1H, 6-CH(PycisP)), 8.13-
7.95 (m, 3H, CHAr), 7.81 (br, 3H, CHAr), 7.73 (pseudo-triplet, J=7.0 Hz,
1H, CHAr), 7.21 (d, J=7.8, 1.3 Hz, 1H, 3-CH(PycisP)), 7.13 (ddd, J=15.1,
9.6, 5.2 Hz, 3H, 2×CHAr, 5-CH(PycisP)), 6.92 (m, 2H, CHAr), 5.60 (d, J=

14.0 Hz, 1H, pro-S-CH2(P)), 5.53 (d, J=15.53 Hz, 1H, pro-R-
CH2(PytransP)), 5.15 (d, J=18.8 Hz, 1H, pro-R-CH2(PycisP)), 4.89 (d, J=

15.3 Hz, 1H, pro-R-CH2(PytransP)), 4.75 (d, J=18.8 Hz, 1H, pro-S-
CH2(PycisP)), and 4.54 (d, J=13.9 Hz, 1H, pro-R-CH2(P)).

13C{1H} NMR
(100.62 MHz, CD2Cl2, RT, ppm): δ=162.9 (s, 2-C(PytransP)), 157.03 (s, 2-
CH(PytransP)), 150.31 (s, 6-CH(PycisP)), 148.53 (s, 6-CH(PytransP)), 141.82-
121.91 (m, 24 CHAr), 75.35 (s, CH2(PytransP), 67.89 (s, CH2(PycisP), and
66.28 (d, J=4.9 Hz, CH2(P).

31P{1H} NMR (161.98 MHz, CD2Cl2, RT,
ppm): δ=30.66 (d, J=107.6 Hz).
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[RuCl2(k
4-N2N’P-L)] (2)

To a suspension of {(η6-C6H6)RuCl}2(μ-Cl)2 (250.0 mg, 0.50 mmol) in
40 mL ethanol, 473.0 mg (1.00 mmol) of L was added. The resulting
suspension was stirred overnight under reflux. The resulting yellow
solution was vacuum-dried to give the compound 2. Recrystallisa-
tion from CH2Cl2/Et2O gives a microcrystalline yellow solid. Crystals
suitable for X-ray diffraction analysis were obtained by crystallisa-
tion from CH2Cl2/Et2O solution at RT. Yield: 582.0 mg (0.902 mmol,
90%). Anal. calc. for C31H28Cl2N3PRu: C, 57.68; H, 4.37; N, 6.51. Found:
C, 56.86; H, 4.21; N, 6.42. HRMS (μ-TOF): C31H28Cl2N3PRu, [M+H]+

calc. 646.0516, found 646.0513. 1H NMR (300.13 MHz, CD2Cl2, RT,
ppm): δ=9.62 (t, J=2.0 Hz, 1H, 6-CH(PytransP)), 8.53 (d, J=4.7 Hz, 1H,
6-CH(PycisP)), 8.20 (m, 2H, CH(Ar)), 7.68 (td, J=7.6, 1.6 Hz, 1H, 4-
CH(PytransP)), 7.54 (m, 2H, CH(Ar)), 7.48-7.34 (m, 6H, 5×CH(Ar), 3-CH
(PytransP)), 7.25 (t, J=7.0 Hz, 1H, 5-CH(PytransP)), 7.13 (td, J=7.8, 1.5 Hz,
1H, 4-CH(PycisP)), 7.10 (td, J=7.8, 1.5 Hz, 1H, CH(Ar),) 6.99 (td, J=7.2,
2.0 Hz, 2H, CH(Ar)), 6.73 (t, J=8.7 Hz, 2H, CH(Ar)), 6.59(d, J=7.7 Hz,
1H, 3-CH (PycisP)), 6.54 (d, J=7.7 Hz, 1H, 5-CH(PycisP)), 5.63 (d, J=

14.0 Hz, 1H, CH2(pro-S-P)), 5.27 (d, J=15.3 Hz, 1H, CH2(pro-R-PytransP)),
4.23 (d, J=18.8 Hz, 1H, CH2(pro-S-PycisP)), 4.09 (d, J=14.9 Hz, 1H,
CH2(pro-S-PytransP)), 4.03 (d, J=14.1 Hz, 1H, CH2(pro-R-P)), 6.69 (d, J=

18.4 Hz, 1H, CH2(pro-R-PycisP)).
13C{1H} NMR (100.62 MHz, CD2Cl2, RT,

ppm): δ=162.90 (s, 2-C(PycisP)), 157.03 (d, J=2.5 Hz, 2-C(PytransP)),
150.31 (s, 6-CH(PycisP)), 148.53 (s, 6-CH(PytransP)), 141.82-121.91 (m,
24 C(Ar)), 75.35 (s, CH2(PytransP)), 67.89 (s, CH2(PycisP)), 66.28 (d, J=

4.9 Hz, CH2(P)).
31P{1H} NMR (121.49 MHz, CD2Cl2, RT, ppm): δ=58.76

(br).

[RhCl(k4-N2N’P-L)(NCMe)][SbF6]2 (3)

To a solution of complex [RhCl2(k
4-N2N’P-L)][SbF6] (1) (300.0 mg,

0.340 mmol) in 40 mL acetonitrile 117.2 mg (0.341 mmol) of AgSbF6
were added, and the resulting suspension was stirred for 4 days at
60 °C. The suspension was filtered, and the filtrate was concentrated
under reduced pressure to ca. volume of 1 mL. The slow addition of
15 mL of Et2O led to the precipitation of a yellow solid which was
washed with Et2O (3×5 mL) and vacuum-dried to give an analytical
pure compound. Yield: 307.2 mg (0.273 mmol, 80%). Anal. calc. for
C33H31Cl1F12N4PRhSb2: C, 35.25; H, 2.78; N, 4.98. Found: C, 35.39; H,
2.90; N, 4.80. IR (solid, cm� 1): ν(CN) 2308 (br), ν(SbF6) 650 (s). HRMS
(μ-TOF): C33H31Cl1F12N4PRhSb2, [M-2SbF6+CH3O]

+ calc. 683.1283,
found 683.1277.

1H NMR (500.13 MHz, CD2Cl2, RT, ppm): δ=8.98 (t, J=4.3 Hz, 1H, 6-
CH(PytransP)), 8.25 (d, J=6.1 Hz, 1H, 6-CH (PycisP)), 8.10 (td, J=7.8,
1.5 Hz, 1H, 4-CH-(PytransP)),7.91(m, 6H, 5×CH(Ar), 6-CH (PytransP)), 7.80
(td, J=7.8, 1.4 Hz, 1H, 4-CH(PycisP)), 7.76-7.70 (m, 2H, CH(Ar)), 7,65
(m, 4H, CH(Ar)), 7,58 (m, 3H, 2×CH(Ar), 5-CH (PytransP)), 7.39 (ddd, J=

10.9, 7.9, 1.1 Hz, 1H, CH(Ar)), 7.32-7.34(br, 2H, CH(Ar)), 722 (d, J=

7.4 Hz, 1H, 3-CH(PycisP)), 7.16 (t, J=6.8 Hz, 1H, 5-CH(PycisP)), 5.31 (d,
J=10.1 Hz, 1H, CH2(pro-S-PytransP)), 5.08 (d, J=19.3 Hz, 1H, CH2(pro-
R-PycisP)), 4.98 (d, J=14.1 Hz, 1H, CH2(pro-S-P)), 4.95 (d, J=15.8 Hz,

1H, CH2(pro-R-PytransP)), 4.71 (d, J=16.3 Hz, 1H, CH2(pro-R-P)), 4.58 (d,
J=19.3 Hz, 1H, CH2(pro-S-PycisP)), 1.94 (s, 3H, NCCH3).

13C{1H}NMR
(125.77 MHz, CD2Cl2, RT, ppm): δ=163.43 (s, 2-C(PycisP)), 159.63 (s, 2-
C(PytransP)), 150.53 (s, 6-CH(PycisP)), 148.60 (s, 6-CH(PytransP)), 142.44-
120.26 (m, 24 C(Ar)), 127.10 (d, J=5.5 Hz, NCMe), 74.74 (s,
CH2(PytransP)), 67.83 (d, J=5.8 Hz, CH2(P)), 65.70 (s, CH2(PycisP)), 3.85 (s,
NCMe).
31P{1H} NMR (202.46 MHz, CD2Cl2, RT, ppm): δ=28.80 (d, J=

98.2 Hz).

[RuCl(k4-N2N’P-L)(NCMe)][SbF6] (4)

To a solution of complex [RuCl2(k
4-N2N’P-L)] (2) (210.0 mg,

0.325 mmol) in 20 mL acetonitrile 111.8 mg (0.325 mmol) of AgSbF6
were added, and the resulting suspension was stirred for 6 h at RT.
The suspension was filtered, and the filtrate was concentrated
under reduced pressure to a ca. volume of 1 mL. The slow addition
of 10 mL of Et2O led to the precipitation of a yellow solid which
was washed with Et2O (3×5 mL) and vacuum-dried to give an
analytical pure compound. Yield: 258.5 mg (0.291 mmol, 90%).
Crystals suitable for X-ray diffraction analysis were obtained by
crystallisation from CH2Cl2/Et2O solution at RT. Anal. calc. for
C33H31Cl1F6N4PRuSb: C, 44.69; H, 3.52; N, 6.32. Found: C, 44.87; H,
3.55; N, 6.33. HRMS (μ-TOF): C33H31Cl1F6N4PRuSb, [M-SbF6-NCMe]+ :
calc. 610.0752, found 610.0753. 1H NMR (300.13 MHz, CD2Cl2, RT,
ppm): δ=9.31 (m, 1H, 6-CH(PytransP)), 8.68 (d, J=6.1 Hz, 1H, 6-CH
(PycisP)), 7.82 (m, 4H, CH(Ar)), 7.66 (m, 2H, CH(Ar)), 7.53 (m, 3H,
CH(Ar)), 7.76-7.70 (m, 2H, CH(Ar)), 7,65 (m, 4H, CH(Ar)), 7,58 (m, 3H,
CH(Ar)), 7.39 (ddd, J=10.9, 7.9, 1.1 Hz, 1H, CH(Ar)), 7.16 (t, J=

6.8 Hz, 1H, CH(Ar)), 5.31 (d, J=10.1 Hz, 1H, CH2(pro-S-PytransP)), 5.08
(d, J=19.3 Hz, 1H, CH2(pro-R-PycisP)), 4.98 (d, J=14.1 Hz, 1H,
CH2(pro-S-P)), 4.95 (d, J=15.8 Hz, 1H, CH2(pro-R-PytransP)), 4.71 (d, J=

16.3 Hz, 1H, CH2(pro-R-P)), 4.58 (d, J=19.3 Hz, 1H, CH2(pro-S-PycisP)),
1.85 (s, 3H, NCCH3).

13C{1H} NMR (75.47 MHz, CD2Cl2, RT, ppm): δ=

162.60 (s, 2-C(PycisP)), 157.73 (s, 2-C(PytransP)), 152.70 (s, 6-CH(PycisP)),
150.17 (s, 6-CH(PytransP)), 142.44-120.26 (m, 24 C(Ar)), 126.17 (S,
NCMe), 73.87 (s, CH2(PytransP)), 68.56 (d, J=5.3 Hz, CH2(P)), 64.52 (s,
CH2(PycisP)), 3.73 (s, NCMe). 31P{1H} NMR (121.49 MHz, CD2Cl2, RT,
ppm): δ=55.58 (s).

[Ru(k4-N2N’P-L)(NCMe)2][SbF6]2 (5)

To a suspension of [RuCl2(k
4-N2N’P-L)] (2) (145.6 mg, 0.226 mmol) in

20 mL of NCMe, 157.2 mg (0.457 mmol) of AgSbF6 were added
under argon atmosphere. The suspension was left stirring for 12 h
at 60 °C and then, the AgCl precipitate was separated by filtration
through the cannula. The resulting solution was vacuum-dried to
give the compound 5 as an oily residue. The red-orange oily residue
was triturated under vigorous stirring with diethyl ether. Then, the
orange solid was washed with pentane (3×5 mL) and vacuum-dried
to give an analytical pure compound. Yield: 210.5 mg (0.187 mmol,
83%). Crystals suitable for X-ray diffraction analysis were obtained
by crystallisation from CH2Cl2/Et2O solution at RT. Anal. calc. for
C35H34F12N5PRuSb2: C, 37.26; H, 3.04; N, 6.21. Found: C, 37.31; H, 3.14;
N, 6.09. IR (solid, cm� 1): ν(CN) 2308 (br), ν(SbF6) 650 (s). HRMS (μ-
TOF): C35H34F12N5PRuSb2, [M-2(SbF6)-NCMe� H]+ : calc. 615.1255,
found 615.1249.
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1H NMR (500.13 MHz, CD2Cl2, RT, ppm) δ=8.74 (pseudo-triplet, J=

5.6 Hz, 1H, 6-CH(PytransP)), 7.89 (m, 2H, 6-CH(PycisP), (CH(PytransP)), 7.69
(m, 3H, 4-CH(PycisP), CH(Ar)), 7.59 (m, 3H, CH(Ar)), 7.53 (td, J=7.75,
1.5 Hz, 1H, 4-CH(PycisP)), 7.47 (m, 3H, CH(PytransP), CH(Ar)), 7.36 (m,
2H, CH(Ar)), 7.32 (m, 1H, CH(Ar)), 7.27 (m, 2H, CH(Ar)), 7.15 (pseudo-
triplet, 1H, J=9.6 Hz, CH(PytransP)), 7.12 (t, J=6.2 Hz, 1H, 5-CH(PycisP)),
6.91 (d, J=7.8 Hz, 1H, 3-CH(PycisP)), 6.78 (dd, J=7.1, 1.9 Hz, 2H,
CH(Ar)), 4.80 (d, J=15.5 Hz, 1H, pro-R-CH2(PytransP)), 4.70 (d, 1H, pro-
S-CH2(PytransP)), 4.60 (m, 3H, CH2P, pro-R-CH2(PycisP)), 4.02 (d, J=

18.7 Hz, 1H, pro-S-CH2(PycisP)), 2.63 (s, 3H, NCMe trans to N), 1.95 (s,
3H, NCMe trans to Py). 13C{1H} NMR (125.77 MHz, CD2Cl2, RT, ppm):
δ=162.15 (2-C(PycisP)), 156.72 (br, 2-C(PytransP)), 152.07 (6-CH(PycisP)),
150.92 (6-CH(PytransP)), 140.49 (d, J=18.2 Hz, C(Ar)), 139.80 (4-
CH(PytransP)), 138.04 (CH(Ar)), 135.39 (5-CH(PytransP)), 134.98 (d, J=

9.3 Hz, CH(Ar)), 134.88 (m, 3-CH(PytransP)), 133.53 (d, J= 1.8 Hz, C(Ar)),
133.46 (d, J=10.1 Hz, 2 C, CH(Ar)), 132.26 (d, J=9.7 Hz, CH(Ar)),
131.57 (d, J=1.7 Hz, CH(Ar)), 130.77 (d, J=6.1 Hz, 4-CH(PytransP)),
130.30 (d, J=47.1 Hz, C(Ar), 129.64 (d, J=9.8 Hz, 2 C, CH(Ar)),
129.21 (d, J=9.8 Hz, 2 C, CH(Ar)), 129.02 (d, J=45.4 Hz, C(Ar)),
128.59 (NCMe trans to Py), 127.74 (NCMe cis to Py), 127.07 (d, J=

45.1 Hz, C(Ar)), 126.39 (CH(Ar)), 125.42 (3-CH(PycisP)), 123.62 (4-
CH(PycisP)), 120.36 (CH(Ar)), 73.03 (CH2(PytransP)), 67.93 (d, J=6.2 Hz,
CH2(P)), 64.51 (CH2(PycisP)), 4.15 (NCMe trans to N), 3.61 (s, NCMe
trans to Py). 31P{1H} NMR (202.46 MHz, CD2Cl2, RT, ppm): δ=50.46
(s).

[{RhCl2(k
4-N2N’P-L)}2(μ-Ag)2][SbF6]4 (6)

To a solution of complex [RhCl2(k
4-N2N’P-L)][SbF6] (1) (100.0 mg,

0.113 mmol) in 10 mL acetone 38.9 mg (0.113 mmol) of AgSbF6
were added. After 1 h of reaction at RT, the solution was
evaporated under reduced pressure to dryness. The addition of
5 mL of dichloromethane led to a yellow microcrystalline solid of 6
which was washed with Et2O (1×5 mL) and vacuum-dried. Yield:
112.4 mg (0.092 mmol, 80%). Crystals suitable for X-ray analysis
were obtained by slow evaporation of acetone solution at RT. Anal.
calc. for C62H56Ag2Cl4F24N6P2Rh2Sb4: C, 30.35; H, 2.30; N, 3.43. Found:
C, 30.21; H, 2.17; N, 3.25. HRMS (μ-TOF): C62H56Ag2Cl4F24N6P2Rh2Sb4,
[1/2{M-2(SbF6)-Ag}]

+ calc. 646.0447, found 646.0444.

1H NMR (400.16 MHz, acetone-d6, RT, ppm): δ=9.08 (pseudo-triplet,
J=4.6 Hz, 1H, 6-CH(PytransP)), 8.20 (d, J=5.9 Hz, 1H, 6-CH(PycisP)), 8.17
(pseudo-td, J=7.7, 1.3 Hz, 1H, 4-CH(PytransP)), 8.02 (dd, J=11.6,
8.1 Hz, 2H, 2×CH(Ar)), 7.97-7.89 (m, 3H, 2×CH(Ar), 3-CH(PytransP)), 7.86
(pseudo-td, J=7.5, 1.1 Hz, 1H, 4-CH(PycisP)), 7.72-7.45 (m, 7H, 6×CH-
(Ar), 5-CH(PytransP)), 7.32 (d, J=7.7 Hz, 1H, 3-CH(PycisP)), 7.26 (m, 3H,
2×CH(Ar), 5-CH(PycisP)), 7.832 (pseudo-td, J=7.5, 1.1 Hz, 1H, CH(Ar)),
7.15 (broad pseudo-triplet, J=79.9 Hz, 2H, 2×CH(Ar)), 5.60 (d, J=

16.0 Hz, 1H, CH2(pro-S-PytransP)), 5.49 (d, J =14.5 Hz, 1H, CH2(pro-S-
P)), 5.41 (d, J=18.9 Hz, 1H, CH2(pro-R-PycisP)), 5.11 (d, J=15.8 Hz, 1H,
CH2(pro-R-PytransP)), 4.95 (d, J=18.9 Hz, 1H, CH2(pro-S-PycisP)), 4.82 (d,
J=14.6 Hz, 1H, CH2(pro-R-P)).

13C{1H} NMR (100.62 MHz, acetone-d6,
RT, ppm): δ=163.07 (s, 2-C(PycisP)), 157.18 (d, J=2.4 Hz, 1H 2-
C(PytransP)), 150.40 (s, 6-CH(PycisP)), 148.62 (s, 6-CH(PytransP)), 141.89-
121.95 (m, 24 C, C(Ar)), 75.43 (s, CH2(PytransP)), 67.97 (s, CH2(PycisP)),
66.34 (d, J=4.9 Hz, 2-CH2(P)).

31P{1H} NMR (161.98 MHz, acetone-d6,
RT, ppm): δ=28.73 (d, J=103.9 Hz). 31P{1H} NMR (161.98 MHz, solid,
RT, ppm): δ=28.83 (brs).

[{Rh(k4-N2N’P-L)}{Rh(COD)}(μ-Cl)2][SbF6]2 (7)

To a solution of [RhCl2(k
4-N2N’P-L)][SbF6] (1) (100.0 mg, 0.113 mmol)

in 40 mL of dry CH2Cl2, [Rh(COD)(NCMe)2][SbF6] (60.3 mg
(0.114 mmol) was added. The resulting solution was stirred at RT for
40 min. After the partial evaporation of the solvent to 5 mL, the
slow addition of Et2O (10 mL) led to an orange microcrystalline
solid. The crystals were separated by filtration, washed with Et2O
(1×5 mL), and vacuum dried. Yield: 95.7 mg (0.072 mmol, 64%).
Crystals suitable for X-ray diffraction analysis were obtained by
crystallisation from CH2Cl2/Et2O solution at RT. Anal. calc. for
C39H40Cl2F12N3PRh2Sb2: C, 35.22; H, 3.03; N, 3.16. Found: C, 35.39; H,
3.14; N, 3.04. HRMS (μ-TOF) analysis was inconclusive because the
bimetallic complex was cleaved, and the molecular peak corre-
sponding to the fragment {RhCl2(k

4-N2N’P-L)}. HRMS (μ-TOF):
C39H40Cl2F12N3PRh2Sb2, [M-2(SbF6)-Rh-COD]

+ calc. 646.0447, found
646.0445.

1H NMR (400.16 MHz, CD2Cl2, RT, ppm): δ=9.28 (brs, 1H, 6-
CH(PytransP)), 7.51 (overlapped, 1H, 6-CH(PycisP)), 8.28-6.65 (m, 20H,
CH(Ar)), 5.08 (brd, J=15.9 Hz, 1H, CH2(Pro-S-PytransP)), 4.90 (brd, J=

18.4 Hz, 1H, CH2(Pro-R-PycisP)), 4.82 (d, J=16.3 Hz, 1H, CH2(Pro-R-
PytransP)), 4.76 (d, J=15.1 Hz, 1H, CH2(Pro-S-P)), 4.51 (d, J=18.9 Hz,
1H, CH2(Pro-S-PycisP)), 4.36 (d, J=18.8 Hz, 1H, CH2(Pro-R-P)), 4.28 (br,
2H, CH(COD)), 4.06 (br, 2H, CH(COD)), 2.31 (br, 4H, CH2(COD)), 1.65
(br, 4H, CH2(COD)).

13C{1H} NMR (100.62 MHz, CD2Cl2, RT, ppm): δ=

160.72 (brs, 2-C(PycisP)), 155.00 (brs, 2-C(PytransP)), 148.38 (brs, 6-
CH(PycisP)), 148.03 (brs, 6-CH(PytransP)), 142.07-122.17 (m, 24 C(Ar)),
81.36 (br, CH(COD)), 81.02 (br, CH(COD)), 74.56 (brs, CH2(PytransP)),
66.95 (brs, CH2(PycisP)), 65.91 (brs, CH2(P)), 30.44 (brs, CH2(COD)),
30.33 (brs, CH2(COD)).

31P{1H} NMR (161.98 MHz, CD2Cl2, RT, ppm): δ=

27.28 (d, J=100.0 Hz).

Wiley VCH Sonntag, 25.08.2024

2499 / 365296 [S. 13/16] 1

ChemPlusChem 2024, e202400410 (13 of 15) © 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH

ChemPlusChem
Research Article
doi.org/10.1002/cplu.202400410

 21926506, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cplu.202400410 by U
niversidad D

e Z
aragoza, W

iley O
nline L

ibrary on [01/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Supporting Information Summary

Crystal structure determinations are given in the Supporting
Information. The authors have cited additional references within
the Supporting Information.[25–31]

Note

This research was primarily conducted by undergraduate and
master’s students (I. B., I A., M. C., A. G. T., A. S.-J., C. B. and Z. A.).
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Chiral-at-rhodium and ruthenium
complexes have been synthesised
with complete diastereoselectivity.
This study explores the stereoselective
chloride abstraction, highlighting the
influence of metal centre charge and
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acts as a catalytic precursor by substi-
tuting both chloride ligands, while the
rhodium complex operates as a ligand
in Ag(I) and Rh(I) complexes via
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