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An Unprecedented Up-Field Shift in 13C NMR Spectrum for 
Carboxyl Carbon of Lantern-Type Dinuclear Complex 
TBA[Ru2(O2CCH3)4Cl2] (TBA+ = Tetra(n-butyl)ammonium Cation) 

Yuya Hiraoka,a Takahisa Ikeue,*a Hiroshi Sakiyama,b Frédéric Guegan,c Dominique 

Luneau,c Béatrice Gillon,d Ichiro Hiromitsu,e Daisuke Yoshioka,f Masahiro Mikuriya,*f 

Yusuke Kataokaa and Makoto Handa*a 

A large up-field shift (-763 ppm) has been observed for carboxyl 

carbon of a dichlorido complex TBA[Ru2(O2CCH3)4Cl2] (TBA
+
 = 

tetra(n-butyl)ammonium cation) in the 
13

C NMR spectrum (CD2Cl2 

at 25˚C).  DFT calculation showed the spin delocalization from the 

paramagnetic Ru2
5+

 core to ligands, in agreement with the large 

up-field shift.  

 

Because of the unique physicochemical properties of the lantern (or 

paddlewheel)-type (Ru2
5+

) dinuclear cores with the direct metal-

metal bond, of which crystal structure was first reported for 

[Ru2{O2C(CH2)2CH3}4Cl] by Cotton et al. in 1969,
1
 there have been 

many reports on the valent-averaged diruthenium(II,III) 

complexes.
2–4

  It is well known that the (Ru2
5+

Cl) dinuclear units are 

polymerized to be expressed as  (Ru2
5+

-Cl-)n in the solid state.
1–6

  In 

such case, the magnetic interaction can be operative through Cl
-
 ion 

between the dinuclear Ru2
5+

 cores with three unpaired electrons, 

where the electronic configuration has been described 

as
2


4


2
(

*


*
)

3
.
2-4

  Fruitful results have been also presented as 

building blocks to produce magnetic materials in combination with 

paramagnetic linkers such as hexacyanidoferrate [Fe(CN)6]
3-

, 

octacyanidotungstate [W(CN)8]
3-

 and nitroxide radicals instead of 

the axial chlorido ligand.
6-9

  The Ru2
5+ 

dinuclear complexes have a 

large zero-filed splitting (D = 60 – 70 cm
-1

), which is also one of the 

characteric feature promoting its use as a building block.
2-4

  The 

diruthenium complexes have sharp enough NMR signals for the 

surrounding ligands to be analysed.
10-12

  Because the paramagnetic 

shifts of the signals should be related to the spin delocalization 

from the dinuclear core to surrounding ligands, the NMR 

spectroscopy can give the useful magnetic information.   The 

information obtained by looking into the ligands could give the new 

important angle to develop the chemistry and physics of lantern-

type diruthenium(II,III) complexes as the building block for the 

magnetic materials.  However, paramagnetic NMR has not been 

used for the diruthenium(II,III) complexes from such a point of view.  

This may come from the fact that they are poorly soluble in less 

solvating organic solvents such as dichloromethane, due to their 

polymerizing nature based on the axial halogen bridges of 

[Ru2(O2CR)4X]n.  In 1996, Chisholm et al. reported the 
1
H NMR 

spectra of [Ru2{O2C(CH2)6(CH3)}4]BF4 in the rather solvating THF-d8 

solution.
11

  The crystal structure of Cs[Ru2(O2CCH3)4Cl2] had been 

determined,
13

 while Q[Ru2(O2C-CH3)4X2] (Q = N(C2H5)4 and PPh4; X = 

Cl
-
, Br

-
, and I

-
) were reported to be soluble in dichloromethane.

14
  In 

the present study, TBA[Ru2(O2CCH3)4Cl2]4 (1) (TBA
+
 = tetra(n-butyl)-

ammonium cation) was newly prepared and the crystal structure 

was determined by X-ray diffraction method.  
1
H and 

13
C NMR 

spectra could be measured in CD2Cl2 at 25˚C as the result of the 

increased solubility by the help of the bulky counter cation TBA
+
, 

showing a considerably large up-field shift of the carboxyl carbon of 

the acetato ligand ( = -763 ppm in 
13

C NMR spectrum).  Variable-

temperature (2 – 300 K) magnetic moment, EPR and absorption and 

diffuse reflectance spectra and cyclic voltammograms are also given 

with DFT calculation results in this report.   

TBA[Ru2(O2CCH3)4Cl2] (1) was prepared by the reactions of the 

parent dinuclear complexes of [Ru2(O2CCH3)4Cl] with excess amount 

of tetra(n-butyl)ammonium chloride (TBA(Cl)) in dichloromethane 

at room temperature (ESI†).      Crystals suitable for X-ray crystal 

structures were obtained as 1•2CH2Cl2 by the recrystallization from 

dichloromethane–benzene.  Crystal data and details concerning 

data collection are given in Table S1 (ESI†).  Selected bond distances  D
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Fig. 1  ORTEP drawing of the Ru1-Ru1A  anionic unit of 1•2CH2Cl2, 

thermal ellipsoids shown at 25% probability level. Hydrogen atoms 

are omitted for clarity. 

 

and angles are given in Table S2 (ESI†). There are two 

crystallographically independent dinuclear anionic units of  

[Ru2(O2CCH3)4Cl2]
-
 in the crystal of 1•2CH2Cl2.   

 In Fig. 1, the ORTEP drawing is shown for the one of the 

dinuclear units, where the dinuclear centre is designated by Ru1-

Ru1A.  The other dinuclear unit, of which the central dinuclear unit 

is designated as Ru2-Ru2A, is shown in Fig. S1 (ESI†).  Each dinuclear 

unit has a crystallographic inversion centre.  Both of the axial sites 

of the dinuclear units are occupied by Cl
-
 anions.  The Ru-Ru and Ru-

Cl
ax

 distances are similar to those reported for Cs[Ru2(O2CCH3)4Cl2] , 

N(C2H5)4[Ru2(O2CCH3)4Cl2], and PPh4[Ru2(O2CCH3)4Cl2].
13,14

  In Fig. S2 

(ESI†), packing diagram is given for 1•2CH2Cl2.  The anionic 

dinuclear units [Ru2(O2CCH3)4Cl2]
-
 and the counter cations TBA

+
 are 

isolated and no important contacts are observed among them. 

 Variable Temperature (VT) magnetic moment
‡
 𝜇𝑒𝑓𝑓 =

(3𝑘𝜒𝑇 𝑁𝜇𝐵
2⁄ )1 2⁄  is shown in Fig. S3(a) (ESI†).  The effective 

magnetic moment is 3.91 B at 300 K, which is consistent with the 

existence of three unpaired electrons in the Ru2
5+

 core.  This 

moment decreases with lowering the temperature due to the large 

zero-field splitting (D).  The magnetic behaviour of 1 was fully 

simulated with the parameter values g// = 1.96, g⊥2.07 (gaverage = 

2.03and D = 75.5 cm
-1

 without taking the inter-dimer interaction 

into account (Fig. 3S  (ESI†)).
4  

 The EPR spectrum (in solid at 4 K) 

measured for the simulation of VT magnetic moment showed the 

signals at g
e

// (≈ g//) = 1.96 and g
e
⊥ (≈ 2g⊥= 4.14, where g

e
 means 

the effective g value (g
e
 = h /(BH)) (Fig. S4 (ESI†)).

15 
  The EPR 

simulation was performed using the software “GeeStrain-5”.
16

  

 Absorption and diffuse reflectance spectra (Fig. S5 (ESI†)) were 

measured for 1, both showing the absorption bands at 1120 and 

465 nm.  The similarity in the spectral feature in solution (CH2Cl2) 

and solid indicates that the anionic (Ru2
5+

Cl2)
-
 core structure shown 

in the X-ray crystal structure should be maintained in CH2Cl2. 
 1

H 

NMR spectrum of 1 was measured in CD2Cl2 at 25˚C.   In the 

spectrum (Fig. S6, ESI†), the signal for methyl protons was observed 

at -42.6 ppm.  Chisholm et al. reported that the methylene protons 

closest to the carboxylato bridging of [Ru2{O2C(CH2)6(CH3)}]BF4  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2  
13

C NMR spectrum of 1 measured in CD2Cl2 at 25˚C.   

 

appeared at -42.4 ppm in THF-d8.
11

  We also reported that methyl 

protons of [Ru2(O2CCH3)4Cl] appeared at -44.8 ppm in DMSO-d6 at 

25˚C.
10a

  The signal position (-42.6 ppm) of 1 was not shifted when 

the excess (ca. 10-fold) molar
 
amount of TBA(Cl) to (Ru2

5+
Cl2)

- 
was 

added to the CD2Cl2 solution of 1.  This result means that the 

dichlorido adduct (Ru2
5+

Cl2)
-
 species is exclusively present in the 

measured solution; the equilibrium shown by (Ru2
5+

Cl2)
-

↔(Ru2
5+

Cl) + Cl
-
↔(Ru2

5+
) + 2(Cl

-
) may not be significant.  The 

exclusive existence of the bis-adduct (Ru2
5+

Cl2)
-
 species in CH2Cl2 

was also confirmed by cyclic voltammogram (CV) (see below).   

In Fig. 2, 
13

C NMR spectrum (measured in CD2Cl2 at 25˚C without 

decoupling of the proton region) is given with the assignment. 

While the methyl carbon (-140 ppm) was observed as a quartet 

signal due to the coupling with its protons (JC-H = 126 Hz), the 

carboxyl carbon (-763 ppm) was observed as a singlet signal.  We 

further measured 
13

C NMR spectrum of [Ru2{O2
13

C(CH2)2CH3}4Cl2]
-
 in 

CD2Cl2 at 25˚C (Fig. S7(a), ESI†) to consolidate the assignment for 

the carboxyl carbon.  The spectrum only shows the intense signal at 

-729 ppm for the 
13

C-enriched carboxyl carbon other than that for 

the solvent, because the concentration was not high enough to 

observe the signals for the carbons on the propyl group (Fig. S7, 

ESI†).  We could manage to measure the 
13

C NMR spectrum of 

[Ru2{O2C(CH2)2CH3}4]BF4 in CD2Cl2 at 25˚C (Fig. S8, ESI†) and the 

signal for the carboxyl carbon appeared at -820 ppm.  This result 

means that the large up-field shift for the carboxyl carbon is not 

due to the axial coordination of the chloride ions.  The observed 

chemical shifts (observed) were used to estimate the net 

paramagnetic nature ( sotropic) by the equation observed = diamagnetic 

+  sotropic.
11

  The estimated isotropic values are -953 ppm for the 

carboxyl carbon and -163 ppm for the methyl carbon of 1.
17

   To our 

knowledge, such a large up-field shift for the carboxyl carbon 

(isotropic = -953 ppm) has not been reported before for the lantern-

type dinuclear complexes. 

Fig. 3 shows the cyclic voltammogram (CV) of 1, which was 
measured in CH2Cl2 with 0.1 M tetra-n-butylammonium perchlorate 
(TBAP) as the electrolyte.  Redox couples were observed at E1/2 (Epa 
+ Epc) = –0.34 and 1.33 V  (vs. SCE), in the reduction and oxidation 
sides, respectively.  It has been reported that  
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Fig. 3 Cyclic voltammogram of complex 1 in dichloromethane; scan 
rate = 50 mV s

-1
, [complex] = 1×10

-3
 M,  [TBAP] = 0.1 M.   Glassy 

carbon and Pt wire were used as working and counter electrodes, 
respectively. 

[Ru2{O2C(CH2)2CH3}4Cl] exhibits two step reductions (0.00 and -0.34 
V (vs. SCE) in CH2Cl2 containing TBAP, although one step reduction is 
observed at -0.34 V (vs. SCE) when TBA(Cl) is used as the electrolyte 
instead of TBAP in CH2Cl2, which was explained by the existence of 
the equilibrium shown by [Ru2{O2C(CH2)2CH3}4]

+ 
+ n(Cl

-
) ↔ 

[Ru2{O2C(CH2)2CH3}4Cln]
n-1

.
18

  No important change was observed for 
the redox potential of 1 in the reduction side when 0.1 M TBA(Cl) 
was used as the electrolyte in CH2Cl2 (E1/2 = -0.32 V  (vs. SCE)) (Fig. 
S9 ESI†).   This may be because dichlorido adduct anion (Ru2

5+
Cl2)

-
 is 

predominant even when TBAP or TBA(Cl) is used as the electrolyte 
in CH2Cl2.  The observed redox couples (shown in Fig. 3) are 
considered to be based on the reduction and oxidation of the 
dichlorido species (Ru2

5+
Cl2)

-
, respectively.  DFT calculation

19,20
 

suggests the assignment that the observed redox potentials (E1/2 =   
-0.34 and 1.33 V) correspond to the reduction and oxidation of the 
dichlorido species (Ru2

5+
Cl2)

-
 because the potential values could be 

fully reproduced by the calculations (Table S3, ESI†).  It is 
noteworthy that the calculated redox values, 0.06 V (for Ru2

4+
 / 

Ru2
5+

 of [Ru2(O2CCH3)4Cl]) and -0.32 V (for Ru2
4+

 / Ru2
5+

 of 
[Ru2(O2CCH3)4Cl2]

-
), are similar to the observed values, 0.00 V and    

-0.34 V, for [Ru2{O2C(CH2)2CH3}4Cl] in CH2Cl2 containing TBAP.
18

   
The successful simulation for the observed redox potentials of 1 
(E1/2 = –0.34 and 1.33 V) enables us to choose the correct functional 
methods and basis sets for the DFT calculation to estimate the spin 
delocalization.  The DFT calculation result

19
 indicates that an 

electron is removed from the filled  orbital on the oxidation 
(Ru2

5+
Cl2)

-
 → (Ru2

6+
Cl2); Fig. S10 (ESI†) illustrates that the axial Ru-Cl 

interaction energetically enhances the  orbital in the (Ru2
5+

Cl2)
-
 

core.  It is known that the redox potentials are affected by the axial 
ligand nature.

2,3
  As shown in Fig. 4, in the case of (Ru2

5+
Cl2)

-
, spin 

density s) is distributed from the dinuclear core to the 
surrounding ligands (sRu2

5+
) = 2.778, s(8×O(CO2

-
)) =0.247, 

s(4×C(CO2
-
)) = -0.085, s (4×C(CH3)) = 0.002, s(2×Cl

-
) = 0.070).  The 

delocalized spin density onto the carboxylate COO
-
 group should 

contribute seriously to the large paramagnetic shifts of the carboxyl 
carbon (due to the Femi contact coupling) found in the 

13
C NMR 

spectrum (isotropic = -953 ppm) for 1; the * unpaired electron in the 
Ru2

5+
 core could play an important role in the large paramagnetic 

shift because the Ru2
4+ 

complex (with no * unpaired electron) has 
been reported to be isotropic = -277 ppm measured in THF-d8 for the 
corresponding carboxyl carbon of [Ru2{O2C(CH2)6(CH3)}4], although 
the dipolar coupling should be also taken into account (isotropic = 
contact +dipolar).

11
  Using the DFT calculation result, we have 

estimated the contact values to be -929 (for carboxyl carbon) and  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4  Spin density map calculated from (BS)-DFT (B97XD) 

calculation for the dichlorido anion (Ru2
5+

Cl2)
-
. (a) top and (b) side 

views. 

-197 ppm (for methyl carbon) for 1 (ESI†).
21,22

  Because the 
experimental isotropic and DFT calculated contact values of respective 
carbons are close to each other, it may be reasonable that the large 
paramagnetic shift found for the carboxyl carbon mainly comes 
from the contact coupling.  We may say that the dipolar 
contribution is smaller, considering the fact that g// (= 1.96) and g⊥ 

(2.07) are not significantly different in 1. However, more careful 
investigation should be made comparing the experimental and 
theoretical results for the dinuclear system with more carbon (and 
hydrogen) atoms to analyse totally their isotropic values around the 
paramagnetic dinuclear core with the large D value (60 – 70 cm

-1
); 

the present Ru2(II,III) system has simply carboxyl and methyl groups 
on the acetato bridge, although this was important for the 
assignment of the carboxyl carbon in the 

13
C NMR spectrum. 

Recently, a detailed NMR investigation on the terbium(III)-
phthalocyaninato single molecule magnets (SMMs) has been 
reported, referring to residual dipolar couplings and pseudocontact 
shfits.

23
  Although such NMR studies are now still limited, they will 

be considered to become more important when the paramagnetic 
NMR data are accumulated.  We here propose that the 
paramagnetic NMR spectroscopy in combination with DFT 
calculation should work effectively for the molecule-based 
magnetic studies. 

Conclusions 

TBA[Ru2(O2CCH3)4Cl2] (1) (TBA = tetra(n-butyl)ammonium 
chloride) was prepared and the dichlorido adduct structure 
was confirmed by the X-ray crystal structure.  The NMR and 
UV-vis spectra as well as CV showed that the bischlorido 
species Ru2

5+
(Cl)2

-
 is predominant in the measured 

dichloromethane solution.  The 
1
H and 

13
C NMR spectra (in 

CD2Cl2) showed the paramagnetic shifts of their proton and 
carbon signals. The large up-field shift  ( isotropic = -953 ppm), 
which was observed for the carboxyl carbon, was considered 
to be due to the spin delocalization from Ru2

5+ 
core onto the 

carboxylate COO
-
 group, in agreement with the DFT calculation 

results.   
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