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Abstract. 2D NMR spectroscopy has been used to determine the metal 
configuration in solution of three complexes, viz. [(η6-p-cymene)Ru(L*)Cl] (1) and 
[(η6-p-cymene)Ru(L*)(L′)] (ClO4) (L′ = H2O, 2; PPh3, 3), where L* is the anion of 
(S)-(1-phenylethyl)salicylaldimine. The complexes exist in two diastereomeric forms 
in solution. Both the (RRu,SC)- and (SRu,SC)-diastereomers display the presence of 
attractive CH/π interaction involving the phenyl group attached to the chiral carbon 
and the cymene ring hydrogens. This interaction restricts the rotation of the C*–N 
single bond and, as a result, two structural types with either the hydrogen atom 
attached to the chiral carbon (C*) or the methyl group attached to C* in close 
proximity of the cymene ring protons get stabilized. Using 2D NMR spectroscopy as a 
tool, the spatial interaction involving these protons are studied in order to obtain the 
metal configuration(s) of the diastereomeric complexes in solution. This technique has 
enabled us to determine the metal configuration as (RRu,SC) for the major isomers of 
1–3 in solution. 
 
Keywords. (Arene)ruthenium(II) complex; chiral Schiff-base; 2D NMR spectro-
scopy; absolute configuration; diastereomeric mixtures. 

1. Introduction 

Chiral half-sandwich organometallic complexes are of significant current interest for their 
use as catalysts in enantioselective organic transformation reactions 1–23. While the 
catalytic activity in these reactions is generated by the metal, the auxiliary chiral ligand 
plays an important role in the stereoselectivity of the process. A crucial aspect in this 
chemistry is the configurational stability of the metal and the chiral ligand(s). The 
problem of chiral stability at the metal atom in these half-sandwich complexes has 
recently been investigated and the results show that the solution behaviour of the 
configurationally labile metal centre differs from that in the solid state 24–26. 
 In 1991 we have reported the crystal structure of [(η6-p-cymene)Ru(L*)(PPh3)](ClO4) 
(3) [p-cymene = 1-isopropyl-4-methylbenzene; L* = anion of (S)-(1-phenylethyl)salicyl-
aldimine] 27. The complex crystallizes in a single diastereomeric form with the metal 
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absolute configuration of RRu. We have subsequently reported the crystal structures of 
[(η6-p-cymene)Ru(L*)Cl] (1) and [(η6-p-cymene) Ru(L*)(H2O)](ClO4) (2) 28,29. The 
chloro and aqua adducts crystallize with two diastereomers of (RRu,SC)- and (SRu,SC)-
configurations in a 1:1 molar ratio. The complexes 1–3, however, in solution phase, show 
the presence of two diastereomers in different mole ratios 27–29. It has been observed that 
the complexes are configurationally labile and the absolute configuration at the metal in 
the diastereomers in solution cannot be determined unequivocally from the room 
temperature CD and NMR spectral data 24–26,30–34. The present work stems from our 
interest in assigning the metal configuration correctly in 1–3 in the solution phase. The 
results are expected to be of general utility for assigning the metal configuration in 
related half-sandwich complexes 35–38. We have probed the solution structures of the 
complexes using 2D NMR spectroscopy 24,39. This technique has enabled us to correctly 
analyse the diastereomeric mixtures of 1–3 in solution.  

2. Experimental 

All the reactions were carried out in dry solvents under dinitrogen atmosphere using the 
conventional Schlenk technique. Solvents were dried and distilled under dinitrogen prior 
to use. Dichloromethane and n-hexane were purified over calcium hydride and sodium/ 
benzophenone respectively. The precursor complex [(η6-p-cymene)RuCl2]2 was prepared 
by a literature procedure 40. Complexes 1–3 were prepared by our reported methods with 
minor modifications 27–29. The CHN and 1H NMR spectral data of 1–3 were in agreement 
with the reported values. Solution 1D NMR and 2D COSY, NOESY and ROESY NMR 
spectra at 293 and 223 K were recorded on FT-Bruker AMX 400 MHz spectrometer 
using CDCl3 as a solvent. The elemental analysis was done on a Perkin Elmer model 
2400 CHN analyser. 

2.1 Preparation of [(SRu,SC), (RRu,SC)]-[( η6-p-cymene)RuCl{O-C6H4-2-CH=N-(S)-
CH(Me)Ph}] (1)  

Complex 1 as a diastereomeric mixture was prepared by reacting 200 mg of [(η6-p-
cymene)RuCl2]2 (0⋅33 mmol) with 150 mg of (S)-(–)-α-methylbenzylsalicylaldimine 
(HL*, 0⋅67 mmol) and 80 mg of Na2CO3 (0⋅75 mmol) in 10 ml CH2Cl2 at 25°C under 
stirring for 3 h. The mixture was filtered through celite and the filtrate was reduced to a 
volume of ~5 ml, after which 20 ml n-hexane was added to it to precipitate the orange-
red solid which was washed thoroughly with n-hexane and finally dried in vacuum 
(Yield: ~95%). 

2.2 Preparation of [(SRu,SC), (RRu,SC)]-[( η6-p-cymene)Ru(L*)(L′)] (ClO4) (L′ = H2O, 2; 
PPh3, 3)  

The aqua and triphenylphosphine adducts of 1 were prepared by following a similar 
procedure as described below. The diastereomeric mixture of 1 (200 mg, 0⋅4 mmol) was 
reacted with AgClO4 (83 mg, 0⋅4 mmol) in 5 ml CH2Cl2 at 0°C for 30 min. The 
precipitated AgCl was removed by filtration. The yellow aqua adduct 2 was isolated from 
the filtrate by treatment with a trace quantity of water followed by precipitation of the 
solid in a quantitative yield on addition of n-hexane (10 ml). Complex 3 was obtained by 
reacting 260 mg (1⋅0 mmol) of PPh3 with the filtrate at 0°C and stirring the mixture for 
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15 min. The solution was concentrated to ~2 ml. Addition of 10 ml n-hexane gave the 
yellow solid adduct of 3 in quantitative yield. The complex was washed thoroughly with 
n-hexane and dried in vacuum. 
 
Caution! Perchlorate salts of the metal complexes are potentially explosive and should 
be handled in small quantities with great care. 

3. Results and discussion 

3.1 Crystal structures and metal configuration(s) 

The solid state structures of the chloro (1), aqua (2) and triphenylphosphine (3) adducts 
have earlier been reported by us 27–29. Perspective views of the molecules are shown in 
figure 1. Both the chloro and aqua complexes crystallize with two diastereomers having  
 

 

Figure 1. Perspective views of the coordination geometry as observed in the crystal 
structures of 1–3 showing the presence of (RRu,SC)- and (SRu,SC)-configurations for 1 
and 2, and (RRu,SC)-configuration for 3. 
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(SRu,SC)- and (RRu,SC)-configurations in a 1:1 molar ratio. The corresponding PPh3 adduct 
(3) crystallizes with one diastereomer showing (RRu,SC)-configuration. There are few 
general observations in the crystal structures of the complexes. First, the phenyl ring 
attached to the chiral carbon atom of the N,O-donor bidentate chelating salicylaldimine 
ligand is directed towards the cymene ring in both the diastereomers of 1 and 2 showing 
(SRu,SC)- and (RRu,SC)-configurations and in the (RRu,SC)-isomer of 3. The C(sp2)H/π 
interaction between the η6-arene and a phenyl group has a stabilizing effect on the 
structure. The profound influence of this effect involving a β-phenyl group and a η5-
cyclopentadienyl or η6-arene ring in analogous half-sandwich transition metal complexes 
has earlier been reported 33,39,41–48. Secondly, the hydrogen atom attached to the chiral 
carbon atom which lies nearly on the ligand plane is directed towards the cymene ring in 
the (RRu,SC)-isomer of 1 and (SRu,SC)-isomer of 2. The same hydrogen is directed away 
from the cymene ring in the (SRu,SC)-isomer of 1 and (RRu,SC)-isomer of 2. The metal 
configuration is based on the priority sequence of the ligands 49. The third observation is 
that the methyl group attached to the chiral carbon is directed towards the cymene ring in 
(SRu,SC)-1 and (RRu,SC)-2, while this group is projected away from the cymene ring in 
(RRu,SC)-1 and (SRu,SC)-2. 
 The CH/π interaction in complexes 1–3 is likely to restrict the rotation around the  
C*–N bond (C*, chiral carbon) 39. Based on the structural results and considering the 
presence of CH/π attractive interaction, the diastereomers are classified into two general 
structural types, viz. (I) and (II) as shown in figure 2. Determination of the structural 
types of the diastereomeric species in solution can be made on the basis of the interaction 
of the protons C*–H or C*–Me with the protons of the cymene ring. Selected spatial 
separations suitable for 2D-NMR studies are listed in table 1. We have attempted to 
probe such interactions in the solution phase by 2D NMR spectroscopy 33,39,50,51. 

3.2 2D NMR spectral studies 

The 1H NMR spectra of 1–3 are shown in figure 3. The spectral feature show the 
appearance of the p-cymene ring protons as doublets in the range δ 4⋅0–6⋅0 ppm. The 
methyl and isopropyl methyl protons of this ligand appear as singlet and doublets in the  
δ range 1⋅0–3⋅0 ppm. The septet corresponding to the isopropyl proton is observed near  
 
 

 
 
Figure 2. Structural types (I) and (II) showing non-covalent CH/π attractive 
interaction (L′ = Cl, n = 0; L′ = H2O or PPh3, n = 1). 
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Table 1. 1H NMR dataa in CDCl3 at 293 K for the major and minor diastereo-
mers of [(η6-p-cymene)Ru(L*)Cl] (1) and [(η6-p-cymene)Ru(L*)(L′)](ClO4) 
(L′ = H2O, 2; PPh3, 3) [δ, ppm (multiplicity, 3JHH in Hz, number of protons)]. 

Complex p-Cymene L* L′ 
 

1 Major isomer: Major isomer: 
 1⋅10, 1⋅14 (d, 8, 6H), 2⋅10 (s, 3H),  1⋅76 (d, 8, 3H), 5⋅90 (q, 
 2⋅67 (sp, 8, 1H), 4⋅75, 4⋅95, 5⋅13,  7, 1H), 6⋅46 (t, 7, 1H), 
 5⋅25 (d, 7, 4H) 6⋅99 (m, 2H), 7⋅18 (t, 7, 
 Minor isomer: 1H), 7⋅45 (m, 5H), 7⋅96 
 1⋅12, 1⋅25 (d, 8, 6H), 2⋅16 (s, 3H), (s, 1H) 
 2⋅82 (sp, 8, 1H), 5⋅12, 5⋅30, 5⋅40, Minor isomer: 
 5⋅51 (d, 7, 4H) 1⋅98 (d, 8, 3H), 5⋅66 (q, 
  7, 1H), 6⋅33 (t, 7, 1H), 
  6⋅75–7⋅7 (m, 8H), 7⋅6 
  (s, 1H) 
 
2b 0⋅79, 0⋅92 (d, 8, 6H), 2⋅18 (s, 3H),  1⋅84 (d, 8, 3H), 6⋅01 (q, 3⋅90 (br) 
 2⋅37 (sp, 8, 1H), 4⋅78, 5⋅01,  7, 1H), 6⋅43 (t, 7, 1H), 6⋅61, 
 5⋅48, 5⋅59 (d, 6, 4H)  6⋅76 (d, 7, 2H), 7⋅05 (t, 7, 1H), 
  7⋅42 –7⋅51 (m, 5H), 7⋅68 (s, 1H)  
 
3 Major isomer: Major isomer: Major isomer: 
 0⋅82, 1⋅06 (d, 8, 6H), 1⋅59 (s, 3H),  1⋅29 (d, 8, 3H), 5⋅53 (q, 8, 1H), 7⋅40–7⋅60 
 2⋅37 (sp, 7, 1H), 4⋅63 (d, 7, 1H),  6⋅33 (t, 7, 1H), 6⋅74 (m, 2H), (m, 15H) 
 5⋅20, 5⋅34 (d, 6, 2H), 5⋅45  7⋅07 (t, 7, 1H), 7⋅28–7⋅60 (m, 
 (d, 7, 1H) 5H), 7⋅78 (s, 1H) 
 Minor isomer: Minor isomer: Minor isomer: 
 0⋅98, 1⋅13 (d, 8, 6H), 2⋅09 (s, 3H),  1⋅72 (d, 8, 3H), 5⋅89 (q, 8, 1H), 7⋅27–7⋅56 
 2⋅65 (sp, 7, 1H), 4⋅74, 4⋅94, 5⋅13,  6⋅44 (t, 7, 1H), 6⋅96–7⋅64 (m, 15 H) 
 5⋅24 (d, 7, 4H) (m, 8H), 7⋅95 (s, 1H) 

a Multiplicity: br, broad; d, doublet; q, quartet; m, multiplet; s, singlet; sp, septet; t, triplet. HL*,  
(S)-(1-phenylethyl)salicylaldimine. b The complex is present as an essentially pure diastereomer in 
solution 
 
 
δ 2⋅5 ppm. The imine and phenyl ring protons of the Schiff base show peaks in the 
aromatic region. The C*–H and C*–Me, where C* is the chiral carbon of the Schiff base, 
display signals around δ 6⋅2 and 1⋅8 ppm, respectively. 
 The spectrum of complex 1 in CDCl3 at –50°C shows the presence of two diastereo-
mers in a ratio of 85:15. The NOESY spectrum of 1 for the δ range 4⋅5 to 6⋅0 ppm is 
displayed in figure 4. In the major diastereomer, the proton attached to the chiral carbon 
viz. C*–H which appears at δ 5⋅90 ppm exhibits NOE cross peaks with the cymene ring 
protons (δ 4⋅75–5⋅25 ppm). The major isomer does not show any NOE cross peaks 
between the methyl protons of C*-Me (δ 1⋅75 ppm) and the cymene ring protons. This 
indicates the structural type-(I) for the major diastereomer of 1 with a (RRu,SC)-
configuration based on the priority order: cymene > Cl > O (L*) > N (L*) (figure 2). The 
minor isomer of 1 does not show any NOE cross peaks between C*–H (δ 5⋅66 ppm) and 
the cymene ring protons. However, the methyl protons of C*–Me (δ 1⋅95 ppm) in the 
minor isomer display significant NOE cross peaks with the cymene protons (δ 5⋅12–
5⋅51 ppm) (figure 4). The 2D NMR data suggest a structural type-(II) for the minor 
isomer with a (SRu,SC)-configuration (figure 2). The presence of NOE cross peaks which 
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Figure 3. 400 MHz 1H NMR spectra of 1–3 in CDCl3 at 293 K displaying the 
diastereomeric ratios of 85:15 for 1 (a), an essentially pure 2 (b) and 98:2 for 3 (c). 
Diagnostic signals used for 2D NMR measurements are indicated by arrow in the 
spectra. 
 
 
Table 2. Selected spatial separations (Å) in the complexes 1–3. 

 (RRu,SC)-1 (SRu,SC)-1 (RRu,SC)-2 (SRu,SC)-2 (RRu,SC)-3 
 

Cymene/Ph(C*) interactiona 

C0
Ph...H

1 3⋅528 3⋅399 3⋅739 3⋅875 2⋅669 
C0

Ph...H
2 3⋅100 2⋅978 3⋅113 2⋅788 3⋅618 

C0
Ph...H

3 6⋅913 6⋅944 6⋅811 6⋅862 6⋅978 
C0

Ph...H
4 7⋅160 7⋅112 7⋅353 7⋅143 6⋅536 

Cymene/H(C*) interaction 

C*H...H1 2⋅452 4⋅286 4⋅545 2⋅982 3⋅314 
C*H...H2 3⋅512 4⋅327 4⋅647 3⋅329 4⋅535 
C*H...H3 5⋅616 6⋅813 6⋅753 5⋅786 6⋅175 
C*H...H4 5⋅040 6⋅704 6⋅895 5⋅339 5⋅349 

Cymene/Me(C*) interactionb 

C*Me...H1 4⋅563 3⋅329 3⋅300 4⋅952 4⋅830 
C*Me...H2 5⋅074 4⋅380 4⋅426 4⋅678 5⋅358 
C*Me...H3 7⋅210 6⋅437 6⋅370 7⋅103 7⋅343 
C*Me...H4 6⋅857 5⋅662 5⋅843 6⋅987 6⋅974 

Distance from the monodentate ligand, L′ (L′ = Cl, 1; H2O, 2; PPh3, 3) 

L′...H(C*) 3⋅301 4⋅369 4⋅089 3.039 3⋅523 
L′...Me(C*) 4⋅222 3⋅449 3⋅069 4.114 4⋅651 
L′...MeCym

b 3⋅511 3⋅555 3⋅365 3.268 4⋅067 
L′...C(iPr)c 5⋅670 5⋅613 5⋅539 5.540 5⋅591 

a C0
Ph, Centroid of the arene ring attached to C* (the numbering scheme of the cymene 

ring protons are shown in figure 2) 
b MeCym, methyl group of the p-cymene ligand 
c C(iPr) is the secondary carbon of the isopropyl group of the p-cymene ligand 
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Figure 4. 400 MHz 1H NOESY spectrum of [(η6-p-cymene)Ru(L*)Cl] (1) in CDCl3 
at –50°C for the major (top) and minor (bottom) diastereomers. 
 

 

 
 
Figure 5. Variable temperature (223–313 K) 400 MHz 1H NMR spectra of the aqua 
adduct 2 in CDCl3. The arrow indicates the signal for the aqua ligand. 
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Figure 6. 400 MHz 1H ROESY spectrum of [(η6-p-cymene)Ru(L*)(H2O)](ClO4) 
(2) in CDCl3 at 20°C. 
 
 

 
 
Figure 7. 400 MHz 1H NOESY spectrum of [(η6-p-cymene)Ru(L*)(PPh3)](ClO4) 
(3) in CDCl3 at 20°C for the major diastereomer. 

 
 
arise due to dipolar interaction are indicative of the spatial proximity of the protons 20. 
The present work corrects the previously assigned (SRu)-configuration for the major 
isomer of 1 28. 
 The aqua adduct 2 exists in an essentially pure diastereomeric form in solution. The 
protons of the aqua ligand appear as a broad peak at δ 3⋅9 ppm in the spectrum recorded 
at room temperature. At –50°C, the aqua ligand display a relatively sharp peak at δ 
6⋅3 ppm. It is observed that with a decrease in temperature, the peak corresponding to the 
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aqua ligand at δ 3⋅9 ppm at 25°C starts broadening with a downfield shift. An upfield 
shift of the peak is again observed on increasing the temperature. The signal intensity 
diminishes significantly at 0, –10 and –20°C and reappears as a broad peak centering at  
δ 6⋅3 ppm at –30°C (figure 5). The peak tends to become sharp at δ 6⋅3 ppm on reducing 
the temperature to –50°C. This could be due to the presence of an equilibrium involving 
two species having the water molecule in a bound and non-bound state in the complex 2. 
 The 1H ROESY spectrum of the aqua adduct in CDCl3 at 20°C shows NOE cross 
peaks between C*–Me (δ 1⋅84 ppm) and four cymene ring protons (δ, 4⋅79–5⋅90 ppm) 
(figure 6). The C*–H proton (δ 6⋅10 ppm) exhibits only a weak NOE cross peak with a 
cymene ring proton. The major diastereomer of 2 in solution belongs to the structural 
type-(II) giving a (RRu,SC)-configuration based on the priority order: cymene > O 
(L15) > O (H2O) > N (L15) 29. 
 The 1H NMR spectrum of 3 shows the presence of two diastereomers in solution in a 
98:2 ratio. The 1H NOESY spectrum of 3 exhibits NOE cross peaks between C*–H and 
the cymene ring protons in the major isomer (figure 7). This indicates a close proximity 
of C*–H proton to the cymene ring and a structural type-(I) with a (RRu,SC)-configuration 
for the major isomer with a priority order: cymene > P (PPh3) > O (L*) > N (L*) (figure 
2). The same configuration is observed for 3 in the crystal structure.27 
 The 2D NMR results show a (RRu)-configuration for all the major diastereomer of 1–3 
in solution. Determination of metal configuration is based on the priority order of the  
ligands. Complexes 1–3 are stereochemically different. While the chloro and the PPh3  
 
 

 

Figure 8. 400 MHz 1H ROESY spectrum of the aqua complex (2) displaying the 
NOE cross peaks between the cymene ring protons and the protons of the phenyl 
group attached to C*. 
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ligands in 1 and 3 show a ‘proximity’ of the monodentate ligand to the hydrogen attached 
to the chiral carbon (C*), the aqua ligand in 2 is ‘proximal’ to the methyl group attached 
to C* atom. This may be related to the steric effect generated by the bulk of the 
monodentate ligand on the ancillary chelating chiral Schiff base. The dual factors that 
play important roles are (i) the stabilizing β-phenyl effect in which NOE cross peaks are 
observed involving two cymene ring protons and the phenyl group attached to the chiral 
carbon (figure 8) 52,53 and (ii) the destabilizing steric effect involving the adduct ligand. 
Based on the 2D NMR spectral data it can be inferred that the conversions (RRu,SC)-
1 → (RRu,SC)-2 and (RRu,SC)-2 → (RRu,SC)-3 associate in the stabilization of the other 
structural arrangement. This means that (RRu)-1, having the hydrogen attached to the 
chiral carbon (C*) in proximity to Cl, on removal of the halide by H2O stabilizes (RRu)-2 
with the methyl bonded to C* in proximity to H2O. Similarly, substitution of H2O in 
(RRu)-2 by PPh3 (3) stabilizes (RRu)-3 with H (C*) in proximity to PPh3. A point to note 
here is that the conversions of (RRu,SC)-1 to (RRu,SC)-2 and (RRu,SC)-2 to (RRu,SC)-3 
involve a change of relative metal configuration due to a change in priority sequence: 
cymene > Cl or P > O (L*) > O (H2O) > N (L*) 49. The more stable species in the 
equilibrium, viz. (RRu,SC)-complex (1–3) � (SRu,SC)-complex (1–3), is the major diaste-
reomer observed in the solution phase 24–26,31–34,39. 

4. Conclusion 

The half-sandwich (η6-p-cymene)ruthenium(II) complexes containing a chiral  
N,O-donor chelating Schiff base (S)-(1-phenylethyl)salicylaldimine show the presence  
of two diastereomers in solution differing only in the metal configuration giving  
mole ratios of 85:15 for 1, 98:2 for 3 and an essentially pure aqua adduct 2. The solid 
state structures, however, exhibit the presence of two diastereomers in a 1:1 ratio for the 
chloro and aqua adducts, and a single diastereomer for the PPh3 adduct. Both the 
diastereomers having (RRu,SC)- and (SRu,SC)-configurations are stabilized by CH/π 
attractive interaction involving the phenyl group attached to the chiral carbon and the 
cymene ring. 
 The 2D NMR spectra of the complexes 1–3 show the spatial interactions of the cymene 
ring protons with either the H or Me proton(s) attached to the chiral carbon. The  
major isomer in the chloro adduct displays a ‘proximal’ arrangement of C*–H with  
the cymene ring suggesting (RRu,SC)-configuration for the major diastereomer in solution. 
The aqua adduct 2, however, shows NOE cross peaks between C*–Me and cymene  
ring protons indicating (RRu,SC)-configuration in the major diastereomer. The NOE  
cross peaks between C*–H and the cymene ring protons in the PPh3 adduct 3  
indicate a (RRu,SC)-configuration for the major diastereomer. With the help of the single 
crystal X-ray structural data, the 2D NMR spectroscopic technique has enabled us to 
determine the configuration of the major and minor diastereomers of 1–3 in a solution 
phase. 
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