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Abstract 

Electron transfers in multinuclear metal complexes are the origin of their unique 

functionalities both in natural and artificial systems. However, electron transfers in 

multinuclear metal complexes are generally complicated, and predicting and 

controlling these electron transfers is extremely difficult. Herein, we report the 

precise manipulation of the electron transfers in multinuclear metal complexes. The 

development of a rational synthetic strategy afforded a series of pentanuclear metal 

complexes composed of metal ions and 3,5-bis(2-pyridyl)pyrazole (Hbpp) as a 

platform to probe the phenomena. Electrochemical and spectroscopic investigations 

clarified the overall picture of the electron transfers in the pentanuclear complexes. 

In addition, unique electron transfer behaviours, in which the reduction of a metal 

centre occurs during the oxidation of the overall complex (reduction-upon-oxidation 

process), were discovered. We also elucidated the two dominant factors that 

determine the manner of the electron transfers. Our results provide comprehensive 

guidelines for interpreting the complicated electron transfers in multinuclear metal 

complexes. 
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Introduction 

Multinuclear metal complexes are an intriguing class of materials due to not only 

their fascinating structures1-9 but also their unique redox10-15, magnetic16-18 and 

photochemical properties19,20 and reactivity21-26. Due to these attractive properties, 

multinuclear metal complexes play a significant role in several biological systems27-30 and 

are expected to be functional materials for future practical applications31-34 (Scheme 1a). 

An important feature of this class of materials is their ability to access various electronic 

states via electron transfer reactions, and the formed species display distinct electronic 

structures with unique chemical and physical properties. For instance, in reactions 

catalysed by natural metalloenzymes, the existence of several species with distinct 

electronic states substantially promotes the efficiency of these reactions.35 Therefore, 

controlling electron transfers in multinuclear metal complexes can be an important 

strategy for obtaining target functional materials. However, the redox behaviours of these 

complexes are generally complicated due to the existence of several possible electron 

transfer pathways (Scheme 1b). Additionally, the nature, arrangement, and coordination 

environment of the metal ions can also alter the electron transfer behaviours. These 

factors make predicting and controlling electron transfers in multinuclear metal 

complexes extremely difficult. 
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Scheme 1 | (a) Representative examples and functions of multinuclear metal complexes 

in natural and artificial systems. (b) Schematic representation of the electron transfer 

reactions in multinuclear metal complexes. Red and blue circles denote the reduced and 

oxidized cores, respectively. As the number of redox cores increases, the redox 

behaviours become more complicated, which makes predicting/controlling the electron 

transfers increasingly difficult. (c) Summary of this work.   
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The systematic investigation on a series of multinuclear metal complexes is of 

great significance to elucidate factors that determine the manner of electron transfers. 

Particularly, a series of multinuclear metal complexes, in which different kinds of metal 

ions are installed into the same molecular framework, is an excellent candidate to 

minimize the effect of unrelated components. However, on-demand installation of the 

metal ions into the desired multinuclear structure is still challenging and this synthetic 

difficulty hampers the construction of definitive matrix to manipulate the electron 

transfers of multinuclear metal complexes.  

In this study, we constructed a novel platform to probe the electron transfers in 

multinuclear metal complexes (Scheme 1c). A rational procedure to enable on-demand 

installation of metal ions utilizing a stepwise synthetic method was developed, and this 

process affords a series of multinuclear complexes that have different arrangement of 

metal ions while maintaining the same molecular framework. The global investigation of 

the redox behaviours of the obtained multinuclear metal complexes clarified that flexible 

electron transfer processes in redox cores afford various chemical species with distinct 

electronic states, and these processes are largely dependent on the arrangement of metal 

ions. Moreover, our systematic investigation resulted in the extraction of the dominant 
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factors that impact these electron transfers. As a result, guidelines for manipulating 

electron transfers in multinuclear metal complexes were successfully developed.  



7 

 

Results and discussion 

Strategy 

Our study started with the development of a rational synthetic strategy that 

enables the on-demand installation of metal ions into multinuclear metal complexes. As 

the molecular scaffold, we focused on a pentanuclear complex composed of 3,5-bis(2-

pyridyl)pyrazole (Hbpp) and metal ions. Electronic interactions occur among the metal 

ions in this class of complexes, and these interactions afford unique 

electronic36,37/spin38,39 states and catalytic activities25,40,41,42,43. To assemble metal ions 

into this pentanuclear scaffold in a controlled fashion, we developed the new stepwise 

synthetic method shown in Scheme 2. In our strategy, a relatively substitution-inert metal 

ion (M) is initially reacted with Hbpp under harsh conditions to afford a mononuclear 

complex, [M(Hbpp)3]n+. Subsequently, [M(Hbpp)3]n+ is reacted with a relatively 

substitution-labile metal ion (M’) under milder conditions. This strategy suppresses the 

scrambling of the metal ions and affords pentanuclear complexes with the desired 

arrangement of metal ions. In this study, a ruthenium ion was selected as M because 

ruthenium-based complexes display redox activity, and their absorption properties are 

highly depended on their oxidation states44, making them suitable for probing the 

electronic structures of the generated complexes. A series of first-row transition metal 
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ions with different redox activities (zinc, cobalt, iron, and manganese ions) were 

employed as M’. Notably, the large difference in the number of electrons in M and M’ 

should allow the determination of the arrangement of the metal ions in the obtained 

complexes by X-ray crystallographic techniques.  

Scheme 2 | Synthetic strategy for obtaining a series of heterometallic pentanuclear 

complexes. M1 and M2 represent substitution-inert and substitution-labile metal ions, 

respectively. 
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Synthesis and characterization 

A mononuclear ruthenium complex was synthesized by reacting RuCl3 with 

Hbpp at 120 °C, and the desired complex, [Ru(Hbpp)3](ClO4)2, was obtained in 13% 

yield (Electronic Supplementary Information (ESI) for synthetic details). Subsequently, 

[Ru(Hbpp)3](ClO4)2 was reacted with the appropriate first-row metal ion at 80−100 °C 

(for synthetic details, see the ESI). The yields for the second step were in the range of 72‒

85%, indicating the selective formation of a series of heterometallic pentanuclear 

complexes. We also prepared the relevant homometallic pentanuclear complexes, 

[{ZnII(μ-bpp)3}2ZnII
3(μ-OH)]3+ (Zn5), [{CoII(μ-bpp)3}2CoII

3(μ-OH)]3+ (Co5), [{FeII(μ-

bpp)3}2FeII
2FeIII(μ-O)]3+ (Fe5), and [{MnII(μ-bpp)3}2MnII

2MnIII(μ-O)]3+ (Mn5) (see the 

ESI for synthetic details). All the complexes were characterized by ESI-TOF-MS, 

elemental analysis, and single-crystal X-ray diffraction. 

The crystal structures of the hetero/homometallic pentanuclear complexes are 

shown in Figure 1 and Supplementary Figure 3, and the crystallographic data are 

summarized in Supplementary Tables 2 and 3. All the complexes exhibit the desired 

pentanuclear structures with quasi-D3 symmetry and consist of a triangular core wrapped 

by two [M(µ-bpp)3] units. The two metal ions at the apical positions (Mapi) are 

hexacoordinate with distorted octahedral geometry, whereas the three metal ions in the 



10 

 

triangular core (Mcore) are pentacoordinate with distorted trigonal bipyramidal geometry. 

The bond distances between Mapi and the nitrogen atoms of the [M(µ-bpp)3] units (d(Mapi-

N)) in the newly synthesized heterometallic complexes are significantly different from 

those in the corresponding homometallic complexes (Supplementary Tables 4 and 5). In 

contrast, d(Mapi-N) are almost constant in the heterometallic complexes. These 

observations strongly indicate that Mapi in these heterometallic pentanuclear complexes 

are ruthenium ions. The bond distances between Mcore and the nitrogen atoms in the 

triangular core (d(Mcore-N)) are similar in the heterometallic and homometallic 

pentanuclear complexes containing the same first-row transition metal ions. Moreover, 

the bond distances between Mcore and the oxygen atom in the triangular core (d(Mcore-O)) 

of the heterometallic complexes are quite similar to those in the corresponding 

homometallic complexes. Thus, the structures of the triangular cores in the heterometallic 

and homometallic complexes are identical. Taken together, the structures of the 

heterometallic pentanuclear complexes in this series can be described as [{RuII(μ-

bpp)3}2ZnII
3(μ-OH)]3+ (Ru2Zn3), [{RuII(μ-bpp)3}2CoII

3(μ-OH)]3+ (Ru2Co3), [{RuII(μ-

bpp)3}2FeII
2FeIII(μ-O)]3+ (Ru2Fe3), and [{RuII(μ-bpp)3}2MnII

2MnIII(μ-O)]3+ (Ru2Mn3). 

These results indicate that pentanuclear complexes with the desired arrangements of 

metal ions were successfully synthesized by the stepwise synthetic strategy. 
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Figure 1 | ORTEP drawings of the cationic moieties (top) and core structures (bottom) of a series of (a) heterometallic ((i) Ru2Zn3(ClO4)3, 

(ii) Ru2Co3(PF6)3, (iii) Ru2Fe3(ClO4)3, and (iv) Ru2Mn3(ClO4)3) and (b) homometallic ((i) Zn5(BF4)3, (ii) Co5(BF4)3, (iii) Fe5(BF4)3, and 
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(iv) Mn5(ClO4)3) pentanuclear complexes (50% probability ellipsoids). Hydrogen atoms are omitted for clarity. O = red, C = grey, N = 

pale blue, Zn = yellow, Co = blue, Fe = orange and Mn = magenta. 
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Figure 1 | (Continued) 
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Redox behaviours of the pentanuclear metal complexes 

Electrochemical measurements of the series of pentanuclear complexes were 

made to elucidate their redox behaviours. Although no redox waves were observed in Zn5 

due to the redox inactivity of zinc ions, all other complexes displayed several redox waves 

reflecting the number of redox-active centres (Figure 2 and Supplementary Table 6). 

Therefore, all redox waves can be regarded as one-electron transfer processes. Ru2Zn3 

exhibited two reversible redox waves at E1/2 = 0.35 and 0.51 V (vs. ferrocene/ferrocenium 

(Fc/Fc+)), and these waves were attributed to the sequential oxidation of the ruthenium 

ions at the apical positions. In the CVs of Ru2Co3 and Co5, two reversible oxidation and 

three reversible reduction waves were observed. The E1/2 values of the oxidation waves 

of Ru2Co3 (0.36 and 0.52 V) are almost identical to those of Ru2Zn3, indicating that these 

can be attributed to the oxidation of the ruthenium ions. The redox potentials of the 

reduction waves of Ru2Co3 and Co5 were also quite similar (E1/2 = −1.71, −1.98, and 

−2.24 V for Ru2Co3 and −1.72, −1.96, and −2.19 V for Co5), and thus, these waves are 

assignable to the reduction of the cobalt ions in the triangular core. Accordingly, the 

oxidation waves of Co5 at −0.42 and −0.31 V were assigned as the oxidation of the Co 

ions at the apical positions. The CVs of Ru2Fe3 exhibited one reversible reduction wave 

(E1/2 = −0.52 V) and four reversible oxidation waves (E1/2 = 0.17, 0.56, 0.75, and 1.10 V). 
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Although the redox waves corresponding to the oxidation of the ruthenium ions were 

observed potentials similar to those of Ru2Zn3 and Ru2Co3 (vide supra), the oxidation 

potentials of Ru2Fe3 were not located in the same region. In addition, when comparing 

the redox behaviours of Ru2Fe3 and Fe5, only the potential of the second oxidation wave 

was substantially different, and it had shifted to a more positive value (E1/2 = 0.56 V for 

Ru2Fe3 and 0.29 V for Fe5). Similarly, Ru2Mn3 exhibited one reversible reduction wave 

at E1/2 = −0.65 V and four sequential oxidation waves at E1/2 = 0.09, 0.58, 0.78, and 1.19 

V, and the observed waves were not in regions similar to those of the waves of Ru2Zn3 

and Ru2Co3. In the case of Ru2Mn3, however, only the potential of the third oxidation 

wave was shifted to a more negative potential (E1/2 = 0.78 V) compared to that of Mn5 

(E1/2 = 1.11 V), and this behaviour is different from that of Ru2Fe3. These observed redox 

behaviours of Ru2Fe3 and Ru2Mn3 imply that the electronic interactions between the 

different kinds of metal ions alter the nature of the electron transfers. These results 

prompted us to further explore the redox behaviours of these complexes. 
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Figure 2 | Cyclic voltammograms of a series of heterometallic (solid lines) and homometallic (dashed lines) pentanuclear metal complexes 

(0.2 mM) in acetonitrile solutions containing (n-Bu)4NClO4 (TBAP, 0.1 M) at a scan rate of 100 mV/s; (a) Ru2Zn3 and Zn5, (b) Ru2Co3 

and Co5, (c) Ru2Fe3 and Fe5, and (d) Ru2Mn3 and Mn5. 
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Electron transfers in the pentanuclear complexes 

To unveil the details of the electron transfers in Ru2Fe3 and Ru2Mn3, UV-vis 

absorption spectroscopic and UV-vis spectroelectrochemical (UV-SEC) measurements 

were taken. The UV-vis absorption spectra of the heterometallic pentanuclear complexes 

before oxidation are shown in Supplementary Figure 4. All the complexes exhibited 

intense bands in the visible region (Supplementary Table 7), and these bands can be 

assigned to the metal-to-ligand charge transfer (MLCT) transitions of the ruthenium 

centres by comparison with the UV-vis absorption spectra of the corresponding 

homometallic complexes (Supplementary Figure 4b). 

Initially, we performed UV-SEC experiments with Ru2Zn3 and Ru2Co3. The 

intensities of the MLCT bands of these complexes decreased in a stepwise manner with 

isosbestic points corresponding to the first and second oxidation steps (Figure 3 and 

Supplementary Figure 5, and Supplementary Table 8). To probe the oxidation processes 

in detail, the bleaching ratios of the MLCT bands were calculated45. The bleaching ratios 

of the MLCT bands of Ru2Zn3 and Ru2Co3 for the first oxidation step were calculated to 

be 46.6 and 53.9%, respectively, and those for the second oxidation step were 53.4 and 

46.1% (Table 1). This result indicates that each ruthenium centre in these complexes 

undergoes a one-electron oxidation, which is consistent with the electrochemical 
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measurements (vide supra). Based on these results, it is revealed that the observed MLCT 

bands can provide information on the oxidation states of the ruthenium centres due to the 

drastic changes in the intensity of the bands as a response to the oxidation states of the 

ruthenium centres. 

 

 

 

Figure 3 | UV-Vis absorption spectral changes of Ru2Zn3 (0.1 mM) upon oxidation in 

0.1 M TBAP/MeCN. Applied potentials are (left) 0.42 and (right) 0.80 V (vs. Fc/Fc+), 

respectively. All measurements were performed under an Ar atmosphere.  
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Table 1 | Summary of the estimation of the bleaching ratios of the MLCT bands in a series of heterometallic pentanuclear complexes.

complex 
λmax (MLCT) 

 / nm 

 before oxidation 

 (k = 0) 

1st oxidation 

(k = 1) 

2nd oxidation 

(k = 2) 

3rd oxidation 

(k = 3) 

4th oxidation 

(k = 4) 

Ru2Zn3 394 

An 0.553 0.377 0.175 - - 

A'n 0.379 0.202 0.000 - - 

ΔA'n - 0.177 0.202 - - 

bleaching ratio of  

MLCT band /% 
- 46.6 53.4 - - 

Ru2Co3 389 

An 0.494 0.355 0.237 - - 

A'n 0.257 0.118 0.000 - - 

ΔA'n - 0.138 0.118 - - 

bleaching ratio of  

MLCT band /% 
- 53.9 46.1 - - 

Ru2Fe3 390 

An 0.523 0.510 0.460 0.221 0.186 

A'n 0.337 0.324 0.275 0.035 0.000 

ΔA'n - 0.013 0.049 0.240 0.035 

bleaching ratio of  

MLCT band /% 
- 3.9 14.6 71.1 10.4 

Ru2Mn3 380 

An 0.504 0.533 0.524 0.316 0.236 

A'n 0.268 0.297 0.288 0.080 0.000 

ΔA'n - -0.029 0.009 0.208 0.080 

bleaching ratio of  

MLCT band /% 
- -10.7 3.2 77.6 30.0 
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Subsequently, UV-SEC experiments on Ru2Fe3 were performed by oxidizing the 

complex at 0.40, 0.61, 1.00, and 1.30 V. In all steps, spectral changes with clear isosbestic 

points were observed (Figure 4 and Supplementary Table 8), which suggests the 

formation of a single product at each oxidation step. In the first and the second steps, the 

bleaching of the MLCT band was not significant. In contrast, in the third step, the intensity 

of the MLCT band decreased drastically. In the fourth step, the bleaching of the MLCT 

band was again rather small. The bleaching ratios of the MLCT band in these steps were 

3.9 (1st), 14.6 (2nd), 71.1 (3rd), and 10.4 (4th)% (Table 1). These observations imply that 

the two Ru ions in Ru2Fe3 were simultaneously oxidized in the third oxidation step, 

although the results of the electrochemical measurements indicate that this step is a one-

electron oxidation process (vide supra). 
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Figure 4 | UV-Vis absorption spectral changes of Ru2Fe3 (0.1 mM) upon oxidation in 0.1 M TBAP/MeCN. Applied potentials are 0.40, 

0.61, 1.00 and 1.3 V (vs. Fc/Fc+), respectively. All measurements were performed under an Ar atmosphere. 
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A reasonable interpretation of the aforementioned discrepancy in the results of 

the UV-SEC and electrochemical measurements is provided by comparing the redox 

behaviours of Ru2Fe3 with those of Fe5. We previously clarified the redox behaviours of 

Fe5 by UV-SEC measurements, 57Fe Mössbauer spectroscopy, and quantum chemical 

calculations25 (Scheme 3, top). A notable electron transfer process was observed in the 

second oxidation. In this step, the one-electron oxidation of the overall complex induces 

the reduction of one of the FeIII ions in the triangular core to the FeII state (a “reduction-

upon-oxidation” process). Simultaneously, the two iron atoms in the apical positions were 

oxidized to the FeIII state, and the apparent change in the overall charge due to this 

oxidation step is one. In other words, the reduction of the triangular core upon oxidation 

of the complex allows the simultaneous oxidation of the two metal centres at the apical 

positions. Therefore, our results suggest a similar reduction-upon-oxidation process is 

occurring in Ru2Fe3, although the third oxidation step involves the corresponding 

reaction (Scheme 3, 2nd row). These results indicate that the substitution of iron ions for 

ruthenium ions can change the step corresponding to the reduction-upon-oxidation 

process. 

For Ru2Mn3, the UV-vis absorption spectra changed in a manner similar to that 

of Ru2Fe3; bleaching of the MLCT band was observed only at the third oxidation step 
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(Supplementary Figure 6). Therefore, Ru2Mn3 can also undergo a reduction-upon-

oxidation process at the triangular core (Scheme 3, bottom). Note that the oxidation of 

the relevant homometallic complex, Mn5, does not involve such a process36 (Scheme 3, 

3rd row). Therefore, the unique electron transfer process can be induced by the 

installation of ruthenium ions in the case of a manganese-based complex. 

Scheme 3 | Summary of electron transfer processes of Fe5
25, Ru2Fe3, Mn5

36 and Ru2Mn3. 

Metal centres with +2 and +3 oxidation states are represented in red and blue circles, 

respectively.  
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Key factors controlling the electron transfers in pentanuclear metal complexes 

To verify the origin of the aforementioned unique electron transfer behaviour, 

the reduction-upon-oxidation process, we initially investigated the process which was 

observed in Ru2Fe3 and Ru2Mn3. Hereafter, the following notation, (x, y), will be used 

to describe the distribution of oxidation states of metal centres. x and y represent the sum 

of the charges of metal ions at apical positions (Mapi) and a triangular core (Mcore), 

respectively (for instance, (4, 6) corresponds to the Mapi
II

2Mcore
II

3 state). With this notation, 

the reduction-upon-oxidation process observed in Ru2Fe3 and Ru2Mn3 can be described 

as (4, 9) → (6, 8) process. However, in the oxidation reaction of (4, 9), there should be 

another possibility in addition to the observed (4, 9) → (6, 8) process; the formation of 

(5, 9) by the oxidation of (4, 9) without the reduction-upon-oxidation process (Figure 5a). 
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Figure 5 | (a) Two possible oxidation pathways of (4, 9). Metal centres with +2 and +3 

oxidation states are represented in red and blue circles, respectively. (b) Schematic 

illustration of the electrostatic repulsion between metal centres in the pentanuclear metal 

complex system. 
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The exclusive formation of (6, 8) instead of (5, 9) can be understood by 

considering the electrostatic repulsion between metal centres. As shown in Figure 5b, 

there exist three manners of electrostatic repulsion (denoted A, B, and C) between metal 

centres. A, B, and C correspond to the electrostatic repulsion between Mcore−Mcore, 

Mcore−Mapi, and Mapi−Mapi, respectively. In general, the energy of electrostatic repulsion 

(E) between two point charges (q1 and q2) can be expressed in terms of columbic potential 

by using the following equation (eq. 1). 

𝐸 =
1

4𝜋𝜀0

𝑞1𝑞2

𝑟12
⋯ ⋯ ⋯ ⋯ (𝑒𝑞. 1) 

where ε0 is vacuum permittivity and r12 represents the distance between point charges. 

In our system, we roughly estimated the total columbic potentials of two states, 

(6, 8) and (5, 9), based on the assumption that the atomic charges of metal centres are 

constant if the oxidation states are identical. Under this assumption, the atomic charges 

of M(II) and M(III) centres can be expressed as qII and qIII, regardless of the difference in 

the identity of metal ions and the coordination environment around metal ions. As a result, 

the energy of electrostatic repulsion between two metal centres (E(X)m,k) is expressed as 

follows (eq. 2). 

𝐸(𝑋)𝑚,𝑘 =
1

4𝜋𝜀0

𝑞𝑚𝑞𝑘

𝑟𝑋
⋯ ⋯ ⋯ (𝑒𝑞. 2) 
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where X = A, B, or C, m and k represent the oxidation states of metal centres and rx is the 

distance between metal centres. 

The total energies of (6, 8) and (5, 9) states (Etotal (6, 8) and Etotal (5, 9)) can be 

calculated as follows. 

 

Etotal (6, 8) = E(A)3,3 + 2E(A)3,2 + 4E(B)3,3 + 2E(B)3,2 + E(C)3,3 

Etotal (5, 9) = 3E(A)3,3 + 3E(B)3,3 + 3E(B)3,2 + E(C)3,2 

 

Therefore, the energy difference between these two states is estimated as follows. 

 

Etotal (6, 8) − Etotal (5, 9)  

= −2E(A)3,3 + 2E(A)3,2 + E(B)3,3 − E(B)3,2 + E(C)3,3 − E(C)3,2 

=  
1

4𝜋𝜀0
𝑞III(𝑞III − 𝑞II) (

1

𝑟𝐵
+

1

𝑟𝐶
−

2

𝑟A
) < 0   

∵ 𝑞III > 𝑞II > 0, 𝑟𝐶 > 𝑟𝐵 > 𝑟𝐴   > 0 

As a result, Etotal (6, 8) becomes smaller than Etotal (5, 9). In other words, (6, 8) 

has less electrostatic repulsion compared to (5, 9), and thus should energetically be 

favoured.  
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Similarly, in the (4, 8) → (6, 7) process, which occurs in Fe5, is discussed. The 

oxidation of (4, 8) can potentially generate three kinds of valence tautomers, (6, 7), (5, 8), 

and (4, 9). The Etotal of these states can be estimated in the same manner as described 

above (see the SI (P. S23-24) for details), and the order of the values of Etotal for these 

states is Etotal (6, 7) < Etotal (5, 8) < Etotal (4, 9). Therefore, the relative stabilities of these 

three valence tautomers are in the order of (6, 7) > (5, 8) > (4, 9), and the formed species 

is estimated to be more stable than the other valence tautomers, (4, 9) and (5, 8). These 

results indicate that the reduction-upon-oxidation process reduces the electrostatic 

repulsion and contributes to the formation of more energetically favourable species. 

However, the explanation based solely on the effect of electrostatic interactions 

cannot explain the difference in the electron transfer processes between Fe5, Ru2Fe3, 

Ru2Mn3, and Mn5. The reduction-upon-oxidation process of Fe5 occurs in the oxidation 

of (4, 8), that of Ru2Fe3 and Ru2Mn3 is in the oxidation of (4, 9), and Mn5 does not 

exhibit a reduction-upon-oxidation process (Scheme 3). It seems that the emergence of 

reduction-upon-oxidation processes in pentanuclear complexes is largely dependent on 

Mapi; Feapi is better able than Ruapi to induce a reduction-upon-oxidation process, and 

Mnapi hardly induces this process. In principle, the reduction-upon-oxidation process of 

the triangular core should be accompanied by the oxidation of Mapi. Therefore, the redox 
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potentials of Mapi should influence the occurrence of reduction-upon-oxidation process. 

As evidenced by the CV and UV-SEC measurements, the redox potentials that involve 

the oxidation of Mapi are largely dependent on the identity of Mapi; Fe5 (0.29 V), Ru2Fe3 

(0.75 V), Ru2Mn3 (0.78 V), and Mn5 (1.11 and 1.24 V). These results indicate that the 

potential required to oxidize Mapi may be in the order of Feapi < Ruapi < Mnapi. To further 

confirm this explanation, we compared the redox potentials of several mononuclear metal 

complexes that contain Fe2+, Ru2+ or Mn2+ as the metal ion and six nitrogen donor atoms46-

51, as shown in Supplementary Table 9. These complexes are representative 

hexacoordinate metal centres with octahedral geometry and can thus be regarded as model 

compounds that mimic the structure around the Mapi centres of our pentanuclear 

complexes. In these complexes, the order of the redox potentials is Fe < Ru < Mn, which 

is consistent with our pentanuclear system. Therefore, it is reasonable to consider that the 

redox potentials of Mapi are also an essential factor in determining the electron transfer 

behaviour of the pentanuclear metal complexes. The reduction-upon-oxidation process, 

which generates the species with the least electrostatic repulsion, is suppressed when the 

potential is not enough to oxidize Mapi. 

We could explain all the electron transfer processes in which the reduction-upon-

oxidation process is suppressed based on the consideration discussed above: (i) the 
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formation of (4, 8) instead of (6, 6) by the oxidation of (4, 7) in Fe5, Ru2Fe3, Ru2Mn3, 

and Mn5 (Supplementary Figure 8a); (ii) the formation of (4, 9) instead of (6, 7) by the 

oxidation of (4, 8) in Ru2Fe3, Ru2Mn3, and Mn5 (Supplementary Figure 8b); and (iii) the 

formation of (5, 9) instead of (6, 8) by the oxidation of (4, 9) in Mn5 (Supplementary 

Figure 8c). In the oxidation of (4, 7), the oxidation of the core proceeds in all four 

complexes because the potentials are not enough to oxidize Mapi. In the oxidation of (4, 

8), Fe5 can undergo reduction-upon-oxidation process to minimize electrostatic repulsion 

because Feapi is readily oxidized. However, for Ru2Fe3, Ru2Mn3, and Mn5, the reduction-

upon-oxidation process is suppressed because Ruapi and Mnapi are hardly oxidized in this 

potential region. In the oxidation of (4, 9), Ru2Fe3 and Ru2Mn3 can undergo reduction-

upon-oxidation process by the oxidation of Ruapi and the reduction of the Mcore. In contrast, 

in the case of Mn5, the reduction-upon-oxidation process cannot proceed because the high 

potential required to oxidize Mnapi prevents the reduction of Mncore in this potential range. 

As a result, (5, 9) forms instead of (6, 8) in this oxidation step of Mn5. Therefore, the 

electrostatic repulsion between the metal centres and the ease of the oxidation of Mapi are 

the dominant factors that determine the reduction-upon-oxidation processes of these 

pentanuclear complexes. These results clearly demonstrate that complicated redox 
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behaviours of multinuclear metal complexes can be rationally understood by systematic 

investigation.  
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Conclusion 

In this study, we successfully constructed a series of pentanuclear metal 

complexes with the same molecular framework. The development of a stepwise synthetic 

route allowed the on-demand installation of two kinds of metal ions into the penta-nuclear 

scaffold. The distribution of oxidation states in all the complexes, which are altered during 

the redox reactions, was clarified based on the results of single-crystal X-ray diffraction, 

electrochemical measurements, UV-vis absorption spectroscopy, and UV-SEC 

measurements. As a result, a general picture of the redox reactions in the system was 

unveiled as shown in Supplementary Scheme 1, and unique electron transfer behaviours, 

in which a metal centre is reduced during oxidation of the complex, were discovered. 

Furthermore, the two factors that impact the redox behaviours of the complexes were 

determined. Collectively, our systematic investigation of a series of pentanuclear 

complexes demonstrated that the flexible transfer of electrons in clustered redox-active 

sites could be programmed by the precise arrangement of the metal ions.  
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