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Abstract: Unique self-assembled macrocyclic multinuclear Zn(II) 

and Ni(II) complexes with binaphthyl–bipyridyl ligands (L) were 

synthesized. X-ray analysis revealed that these complexes consisted 

of an outer ring (Zn3L3 or Ni3L3) and an inner core (Zn2 or Ni). In 

the Zn(II) complex, the inner Zn2 part rotated rapidly inside the outer 

ring in solution on an NMR time scale. These complexes exhibited 

dual catalytic activities for CO2 fixations: synthesis of cyclic 

carbonates from epoxides and CO2 and temperature-switched N-

formylation/N-methylation of amines with CO2 and hydrosilane. 

Artificial metallosupramolecular architectures have been actively 

investigated, and various macrocycles,[1] cages,[2] and helicates[3] 

have been synthesized from simple ligands and metal ion sources. 

Large but ordered multinuclear metal complexes can be constructed 

by self-assembly. Recently, several metallosupramolecules with 

catalytic activities have been reported.[4] 

CO2 is a promising C1-building block as an alternative to 

petroleum-based chemicals, and catalysts for CO2 fixations have 

been developed extensively.[5] For example, synthesis of cyclic 

carbonates from epoxides and CO2
[6] and N-functionalization of 

amines with CO2 and hydrosilane[7,8] have been actively studied. 

Cyclic carbonates are raw materials of polycarbonates and 

polyurethanes, and N-functionalized amines are intermediates of 

various chemicals such as drugs. A multitask catalyst for these CO2 

fixations have not been reported, and its development presents a 

significant challenge. 

Here, we report a new type of macrocyclic multinuclear Zn(II) 

and Ni(II) complexes 2 and 3, respectively, prepared by self-

assembly of a binaphthyl–bipyridyl ligand (H2L; (R)-1) and metal 

acetate hydrates (Scheme 1). These structures were surprising 

because we originally expected the formation of simple acyclic 

dinuclear complexes such as M2L(OAc)2. The complexes 2 and 3 

comprise an outer ring (M3L3) and an inner core (M2 or M). In other 

words, they are “complex@complex” structures. This type of 

structure is unprecedented, although many multinuclear metal 

complexes with binaphthyl-based ligands have been reported.[9] 

Furthermore, the complexes exhibited high catalytic activities for 

distinct CO2 fixations: (1) synthesis of cyclic carbonates from 

epoxides and CO2 and (2) N-formylation/N-methylation of amines 

with CO2 and hydrosilane. This is the first example of multitask 

catalysts for the CO2 fixations. 

 

Scheme 1. Synthesis of multinuclear Zn(II) and Ni(II) complexes. 

We synthesized (R)-1 via the Suzuki–Miyaura reaction of 3,3’-

B(pin)-substituted (R)-1,1’-binaphthyl[10] with 6-bromo-2,2’-

bipyridyl (Scheme S1). (R)-1 and each metal acetate hydrates were 

self-assembled to give the Zn(II) or Ni(II) complexes in 80–82% 

yields (Scheme 1). 

The crystal structures of the Zn(II) and Ni(II) complexes were 

determined by X-ray analyses. The Zn(II) complex was found to 

have a unique macrocyclic pentanuclear structure, 

[Zn5L3(OAc)(O)]OH (2) (Figure 1a). Complex 2 contained a 

trinuclear macrocyclic part, a dinuclear inner part, and a hydroxide 

as a counter anion, which can be represented by 

[Zn2(OAc)(O)]@[Zn3L3]OH. MALDI-TOF-MS analysis also 

clearly demonstrated the formation of 2 (Figure S8). The peripheral 

macrocyclic part consisted of three hexacoordinate octahedral Zn 

ions (Zn1–3) and three ligands (L), which were connected via two 

sets of NNO coordinations of the adjacent ligands. All three Zn1–3 

centers had -chirality induced by the (R)-binaphthyl moieties. The 

inner part consisted of two distorted square pyramidal 

pentacoordinate Zn ions (Zn4 and Zn5) and bridging AcO– and O2–, 

forming a six-membered ring (Zn4–O–C–O–Zn5–O) to fill the cavity. 

This inner core is similar to the active site of a peptidase[11] and a 

phosphotriesterase[12]. The Zn1–3 ions were arranged to form a nearly 

isosceles triangle, and the dihedral angles of the naphthalene rings 

of each binaphthyl differed: 68°, 72°, and 88°, because the inner part 

was horizontally long. 
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Figure 1.  X-ray crystal structures of 2 and 3. Solvent molecules are 
omitted for clarity. 

On the other hand, the Ni(II) complexes exhibited polymorphism 

(Schemes 1 and S2), and two types of single crystals of macrocyclic 

complexes were obtained (Figures 1b and S3). One of them was a 

cocrystal of tetranuclear complexes Ni4L3(OH)2(H2O)2 (3) and 

Ni4L3(OH)2 (4), and the other was a dinuclear complex Ni2L2 (5). 

Complex 3 consisted of a macrocyclic part (Ni3L3) and an inner part 

(Ni(OH)2(H2O)2). The macrocyclic part was very similar to that of 

Zn(II) complex 2. In contrast, the inner part of 3 consisted of a 

hexacoordinate octahedral Ni4 ion, two OH–, and two H2O. The Ni1–

3 ions of the macrocyclic part have -chirality again. The difference 

between 3 and 4 was the presence or absence of two H2O molecules 

coordinating the inner Ni ion. Complex 5 has two hexacoordinate Ni 

ions without a cavity. The average Ni–Ni distances in the 

macrocyclic parts were 7.86 Å for 3 and 6.95 Å for 4, indicating that 

the cavity size is somewhat variable. 
 

 

 

Figure 2.   Equilibrium mixture of 2 and 2OH in solution. 

We next analyzed the conformations of Zn(II) complex 2 in 

solution. 1H NMR, 13C NMR, COSY, and NOESY spectra suggested 

an averaged C3-symmetrical structure with the inner core rotating 

around the z-axis like a molecular motor as shown in Figure 2 (see 

the Supporting Information for details). The OH– proton appeared at 

a high magnetic field (–0.38 ppm in CDCl3), suggesting that the OH– 

of 2 was incorporated into the inner part in equilibrium to form 2OH 

with a hydrogen-bonded OH ligand surrounded by aromatic rings 

(Figures 2 and S4). The Ni(II) complexes were NMR-inactive due 

to paramagnetism, and hence, UV-Vis and CD spectra were 

analyzed instead. The solution of the cocrystal of 3 and 4 exhibited 

the same spectra as that of 5 (Figure S10), which suggests a rapid 

equilibrium between complexes 3–5 in solution (Scheme S2). 

In view of the quite unique static and dynamic structures of the 

Zn(II) and Ni(II) complexes 2 and 3, we decided to investigate the 

latent catalytic activity of 2 and 3. In the context of our ongoing 

research for CO2 fixations,[13] we tested these metal complexes for 

the synthesis of cyclic carbonate 7a from CO2 and epoxide 6a (Table 

1).[14] We screened combinations of 2 or 3 (2 mol%) and 

tetrabutylammonium halide (TBAX) at 50 °C under solvent-free 

conditions (entries 1–6), expecting that the metal ions and halide 

anions act as a Lewis acid and a nucleophile, respectively. The 

simultaneous use of complex 2 or 3 and TBAI yielded 7a in high 

yield (73–95%, entries 3 and 6). The reaction did not proceed 

significantly in the presence of either metal complex alone or TBAI 

alone (entries 7 and 8). The substrate scope of 3 and TBAI was 

broad; styrene oxides, glycidyl ethers, and hexene oxide 6b−i were 

efficiently converted into the corresponding cyclic carbonates 

(Scheme S3). 

 

Table 1: Synthesis of cyclic carbonate 7a from styrene oxide (6a) 
and CO2

[a] 

 

Entry Cat. X 
[mol%] 

co-cat.[b] Temp 
[°C] 

Time 
[h] 

Yield 
[%][c] 

1 2 2 TBAC 50 12 15 

2 2 2 TBAB 50 12 59 

3 2 2 TBAI 50 12 73 

4 3[d] 2 TBAC 50 12 31 

5 3[d] 2 TBAB 50 12 68 

6 3[d] 2 TBAI 50 12 95 

7 3[d] 2 – 50 12 16 

8 – 2 TBAI 50 12 11 

9 2 0.1 – 120 24 70 

10 3[d] 0.1 – 120 24 97 

11 Zn(OAc)2·2H2O 2 – 120 24 0 

12 Ni(OAc)2·4H2O 2 – 120 24 0 

13[e] 2 2 – 120 24 99 

14[f] 3[d] 1 – 120 24 97  
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[a] Conditions: 6a (2.0 mmol), CO2 (1.7 MPa), cat. (amount indicated above), 

co-cat. (3 mol%). [b] Tetrabutylammonium chloride (TBAC), bromide 

(TBAB), and iodide (TBAI). [c] Isolated yield. [d] Equilibrium mixture of 3–5. 

The amounts (mol%) are based on 3. [e] After four-time recycling of the 

catalyst. [f] After nine-time recycling of the catalyst. 

 

 

 

Interestingly, 2 and 3 with only 0.1 mol% loading worked well 

without a co-catalyst at 120 °C to produce 7a in high yields (70–

97%, entries 9 and 10). By contrast, Zn(OAc)2 and Ni(OAc)2 

hydrates showed no catalytic activity (entries 11 and 12). In addition, 

ZnCl2, ZnBr2, ZnI2, and Zn(OCOCF3)2·H2O also showed no activity 

(not shown). These results suggest a catalytic mechanism specific to 

2 and 3. The counter anion or ligand such as OH– and AcO–, or 

HCO3
– generated by the reaction of OH– with CO2,[15] might act as 

a nucleophile, and the inner metal ion in 2 and 3 might act as a Lewis 

acid; the inner Zn ions of 2 are likely to provide a vacant site by the 

partial dissociation of the AcO bridge, while the inner Ni ion of 3 

seems to act as a Lewis acid after loss of a H2O molecule. In addition, 

the catalysts were recyclable without lowering catalytic activity at 

least over five cycles (entries 13 and 14 and Figure S1). 

Epoxide 6a was kinetically resolved in the presence of 3 and 

TBAI (Scheme S4). The reaction proceeded to give (S)-7a with 21% 

ee and (R)-6a with 16% ee at a 44% conversion (kS/kR = s value = 

1.8).[16] This result suggests that the macrocyclic structure was 

retained to some degree during the reactions. We suppose that the 

low stereoselectivity was due to the active center remote from the 

chiral axes. We expected that 2 and 3 might show catalytic activities 

for other CO2 fixations as well. 

We next investigated N-formylation and N-methylation of amines 

with CO2 and hydrosilane (Table 2).[7,8] First, Zn(II) complex 2 (0.5 

mol%) was used as a catalyst for the N-functionalization of N-

methylaniline (8a) in the presence of CO2 (1 atm) and phenylsilane 

under solvent-free conditions. To our delight, N-methylformanilide 

(9a) was obtained with complete selectivity at 30 °C (99%, entry 1). 

 

Table 2: N-Formylation and N-methylation of N-methylaniline 
(8a)[a] 

 

Entry Cat. Temp 
[°C] 

X 
[equiv] 

Yield [%][b] 

9a 10a 

1 2 30 2 99 0 

2 2 30 6 97 0 

3 2 100 6 9 60 

4 3[c] 30 2 15 0 

5 3[c] 100 6 0 21 

6 Zn(OAc)2·2H2O[d] 30 2 0 0 

7 Zn(OAc)2·2H2O[d] 100 6 0 10 

8[e] 2 100 6 – 0 

[a] Conditions: 8a (0.25 mmol), CO2 (1 atm, balloon), cat. (0.5 mol% of 8a), 

PhSiH3 (amount indicated above), 24 h. [b] Determined by 1H NMR using 

mesitylene as an internal standard. [c] Equilibrium mixture of 3–5. The 

amounts (mol%) are based on 3. [d] Zn(OAc)2·2H2O (2.5 mol%). [e] 9a was 

used as a substrate. 

 

In contrast, N,N-dimethylaniline (10a) was obtained preferentially 

at 100 °C (60%, entry 3). The selectivity for 9a or 10a was 

independent of the amount of phenylsilane (entry 2) and controlled 

by temperature. Catalyst 2 was applicable to other aromatic and 

aliphatic amines 8b–e (Scheme S5). Although several examples of 

chemoselective N-formylation/N-methylation were reported,[8] the 

method using 2 has the following advantages: (1) catalyst loading is 

low (0.5 mol%), (2) the reaction proceeds in no solvent under the 

CO2 pressure of 1 atm, and (3) chemoselectivity is controlled by 

only temperature. 

Ni(II) complex 3 showed much lower catalytic activity than 2 

(entries 4 and 5), probably because the Ni(II) ions were reduced to 

Ni(0) during the reaction. Zn(OAc)2·2H2O was a poor catalyst 

(entries 6 and 7). When 9a was used as a substrate at 100 °C, 10a 

was not obtained, but 9a was recovered (entry 8). This result 

indicates that 9a is not an intermediate leading to 10a. 

The reaction pathway for the 2-catalyzed N-functionalization is 

tentatively proposed in Scheme 2. Initially, the inner Zn2 moiety of 

2 is reduced to give hydride complex 2H.[17] Insertion of a CO2 

molecule gives formate 2OCHO. Subsequent reaction with 

phenylsilane gives silylformate at 30 °C, and further successive 

reactions with phenylsilane take place at 100 °C to give 

methoxysilane species. Silylformate and methoxysilane react with 

8a to afford 9a and 10a, respectively. DFT calculations support 2H 

and 2OCHO as plausible intermediates (Figure S11).[18] 

 

 

Scheme 2.  Proposed pathway for N-functionalization of 8a. Ecalcd 
values are relative energies based on 2OH + CO2 + PhSiH3. 

 

In summary, we demonstrated that binaphthyl–bipyridyl ligands 

and metal acetates self-assembled to form novel multinuclear Zn(II) 

and Ni(II) complexes. These complexes acted as multitask catalysts 

for CO2 fixations, the synthesis of cyclic carbonates from epoxides 

and the temperature-switched N-formylation/N-methylation of 

amines, under solvent-free conditions. The macrocyclic complexes 

presented here have great potential in catalysis and other functions, 

and a further study is underway in our laboratory. 
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