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1′,1′′′-Biferrocenediboronic acid (1) was synthesized from 1′,1′′′-dibromobiferrocene by a typical 
procedure of converting Br to B(OH)2 groups in 76% yield and identified by 1H-, 13C- and 11B-NMR and 
ESI-MS. X-ray diffraction (XRD) studies showed that, in non-solvated crystals (Form I), the new 
organobimetallic building block 1 formed 1D hydrogen-bonded networks (i.e., chain) with octaatomic 
rings composed of the neighbouring two molecules. In solvated crystals with a composition of (1)3(THF)2 10 

(Form II), 1 exists in two conformers (Conformers A and B) with respect to the rotation of the CpB(OH)2 
moieties relative to the Cp rings of the fulvalenide moieties; Conformer A formed 1D hydrogen-bonded 
networks laterally hydrogen-bonding with THF molecules while Conformer B formed a new planar 
hydrogen-bonded motif involving four B(OH)2 groups and stepwise laminated networks of the planar 
motif. A macrocyclic tetraferrocenyl boronate ester 2 was synthesized by cyclocondensation between 1 15 

and pentaerythritol in 33% yield and identified by 1H-, 13C- and 11B-NMR, ESI-MS and XRD. In 
electrochemical measurements, the cyclocondensed compound 2 exhibited four defined reversible waves 
with a total spread of 756 mV in CH2Cl2 containing n-Bu4NBArF4 (ArF = 3,5-
bis(trifluoromethyl)phenyl), displaying both intra- and inter-biferrocenyl interactions. 

Introduction 20 

The establishment of methodologies for spatial arrangement of 
metal ions or metal complexes with organic ligands is a basis for 
fabrication of functional metal organic frameworks (MOFs) and 
discrete multimetallic complexes.1 Especially, the construction of 
multimetallic assemblies from bimetallic complexes is required in 25 

the field of molecular electronics for realization of a quantum 
cellular automaton (QCA),2 where bimetallic mixed-valence 
complexes having two charge configurations are used as building 
blocks, or “cells”. Although several theoretical models for QCA 
devices have been reported,3 the molecular expression for QCA 30 

has still not been developed, primarily because of the limited 
methods for construction of assemblies from mixed-valence 
complexes.4 To address this, a new synthetic strategy using two 
types of ligands is required, so that the first ligands chelate two 
metal ions to afford a bimetallic complex and the second ligands 35 

covalently or non-covalently connect the bimetallic complexes to 
afford the desired multimetallic assemblies. 

Use of boronic acids is an effective tool in materials and 
supramolecular chemistry.5 Multiple boronic acids are used for 
assemblies of 3D-expanded boroxines and boronate esters, such 40 

as covalent organic frameworks (COFs),5b-d, 6 linear polymers7 
and discrete macrocycles,8 as well as hydrogen-bonded 
networks.9 Because they give unique sandwich-like geometries 
and electrochemical functions, these covalent and non-covalent 
methods have been applied to ferrocene (Fc) derivatives such as 45 

ferroceneboronic acid (A)10 and 1,1′-ferrocenediboronic acid 
(B).11 Based on the pioneering works using B to form hydrogen-
bonded networks11a and multi-ferrocenyl compounds such as a 
macrocyclic ester,11b the biferrocene (BiFc) counterparts of 
diboronic acids are expected to be useful building blocks from the 50 

viewpoint of synthetic and supramolecular chemistry, as well as 
for a molecular QCA, because of the well-known iron-iron 
coupling properties of BiFc derivatives.12 However, to the best of 
our knowledge, biferrocenyl boronic acids have not been reported. 
Furthermore, although there have been a number of reports on the 55 

synthesis of BiFc derivatives,12 few attempts to construct 
covalent or non-covalent assemblies from BiFc building blocks 
have been reported.13 To explore a new synthetic method, we 
report herein the first synthesis of 1′,1′′′-biferrocenediboronic 
acid (1) and demonstrate the usefulness of 1 as a new 60 

organobimetallic building block for the construction of covalent 
and non-covalent assemblies (Scheme 1). 

Results and discussion 

Synthesis and characterization of 1 

The new BiFc derivative 1 was designed to have 65 

bicyclopentadienyl (CpCp, fulvalenide) and functionalized 
cyclopentadienyl (CpB(OH)2) rings as the first and second 
ligands, respectively (Scheme 1). 1 was synthesized from 1′,1′′′-
dibromobiferrocene14 by a typical procedure of converting Br to 
B(OH)2 groups with n-butyllithium followed by addition of 70 

tributyl borate and hydrolysis.5a The obtained compound 1 was 
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Scheme 1. Syntheses of 1′,1′′′-biferrocenediboronic acid (1), 1D hydrogen-bonded networks and macrocyclic dimer (2). Red and blue moieties 
indicate the first and second ligands, respectively. 
 
identified by 1H- and 13C-NMR and ESI-MS (Figs. S1-3). Four 15 

pseudo triplet peaks for the cyclopentadienyl (Cp) rings 
characteristic of 1′,1′′′-disubstituted BiFc derivatives12 were 
observed in the 1H-NMR spectrum of 1 in DMSO-d6, as shown in 
Fig. S2. A characteristic hydroxyl proton peak of B(OH)2 groups 
was also observed at 7.37 ppm. In accordance with this, a 20 

characteristic peak for the boronic acid form was observed in the 
11B-NMR spectrum of 1 in DMSO-d6 (29.0 ppm), whose 
chemical shift is comparable to that of B (29.07 ppm).11c 
 
 25 

 
 
 
 
 30 

 
 
 
 
 35 

 
 
Fig. 1 ORTEP drawing of molecular structure of 1 in the crystal of 
Form I with thermal ellipsoids set at the 50% probability level. 
Selected bond lengths (Å) and angles (deg): O1-B1 1.361(3), O2-B1 40 

1.381(3), C5-B1 1.555(3), C8-C81 1.461 (3), O1-B1-C5 120.33(19), 
O2-B1-C5 121.23(18), O1-B1-O2 118.42(16).  
 

Hydrogen-bonded assemblies of 1 

The diboronic acid 1 was then recrystallized from THF/n-hexane 45 

to afford deep and light orange single crystals, named Forms I 
and II, respectively, suitable for X-ray diffraction (XRD) analysis. 
The molecular structure of 1 in the crystal of Form I is shown in 
Fig. 1. The two Cp rings in the fulvalenide moiety are coplanar; 
one iron ion is above the fulvalenide plane and the other is below 50 

it, as is common for most BiFc derivatives.12 While 1,1’-
disubstituted ferrocene derivatives can acquire various 
conformations because of the rotational flexibility whose ideal 
conformations are shown in Chart 1,15 both ferrocenyl groups of 
1 showed a nearly “synperiplanar eclipsed” conformation of the 55 

B(OH)2 and Cp substituents, resulting in a transoid arrangement 
of the B(OH)2 groups in 1 (a torsion angle of 0° for C5-B1-B11-
C51) so that the B(OH)2 substituents can be located at the position 
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Fig. 2 (a) Hydrogen-bonded network of 1 in crystals of Form I and 
(b) networks composed of Conformers A and B of 1 in crystals of 
Form II. Hydrogen atoms are omitted for clarity expect for the O-H 
hydrogen atoms (purple). Hydrogen bonds are indicated as dotted 85 

lines.  
 
above the Cp ring of the other sandwich. This conformation is 
advantageous for forming an oriented assembly. Indeed, each 
molecule of 1 connects with the neighbouring two molecules 90 

through hydrogen bonds to afford a 1D hydrogen-bonded 
network, i.e., chain, as shown in Fig. 2a. In the chain, a B(OH)2 
group of 1 provides a H atom and an O atom to an adjacent 
B(OH)2 group for hydrogen-bond formation to form an 
octaatomic ring as shown in Fig. 3. The octaatomic ring is almost 95 

coplanar and the O–O distance between molecules (O1–O21) is 
2.7936(19) Å. The two remaining H atoms (H2) do not 
participate in hydrogen-bond formation; the O–O distances 
between neighbouring chains (O1–O22 3.491(2)) are larger than 
those inside chains and those for usual OH···O hydrogen bonds16 100 

(Fig. S9) but shorter than the sum of the van der Waals radii, 
making short contacts (H22–O1). 
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Chart 1 Ideal conformations of the ferrocenyl rings in 1,1′-
disubstituted ferrocenes.15 

 
 
 15 

 
 
 
 
 20 

 
 
Fig. 3 Schematic representation of octaatomic and dodecaatomic 
rings in the crystals of Forms I and II. 

 25 

The crystal of Form II had a composition of (1)3(THF)2 and 
the molecular structures are shown in Fig. S10. In the solvated 
crystals, 1 exists in two conformers with respect to the rotation of 
the CpB(OH)2 moieties relative to the Cp rings of the fulvalenide 
moieties; Conformer A is nearly “synperiplanar eclipsed” while 30 

Conformer B shows both nearly “synperiplanar eclipsed” and 
“anticlinal eclipsed” conformations. As shown in Figs. 2b and 3, 
Conformer A formed hydrogen-bonded networks (O5–O63 
2.726(2) Å) similar to those in the non-solvated crystal (see Fig. 
1a), although one difference is that the two remaining H atoms of 35 

the B(OH)2 groups formed lateral hydrogen bonds with THF 
molecules (O5–O7 2.7097(17) Å). Conformer B formed dimers 
having hexaatomic rings through double hydrogen bonds (O1–
O41 2.8868(17) Å, O4-O21 2.723(2) Å) of each of the B(OH)2 
groups; the obtained dimers were assembled by additional 40 

hydrogen bonds (O3–O12 2.7520(17) Å) to form dodecaatomic 
rings, as shown in Figs. 1b and 3. The dodecaatomic rings were 
connected to hexaatomic rings on both sides to form a new planar 
hydrogen-bonded motif involving four B(OH)2 groups. As a 
result, stepwise laminated networks of the planar motif were 45 

constructed. In addition to these four different hydrogen-bond 
arrangements, the remaining H atoms (H2) of the latter 
conformers form further hydrogen bonds (O2–O6 2.699(2) Å) to 
assemble the 1D and stepwise networks (Fig. S11). These results 
reveal the diversity of hydrogen-bonding motifs of B(OH)2 50 

groups introduced in a flexibly rotating double-sandwich 
geometry; in contrast, in a single-sandwich counterpart B only a 
chain criss-cross motif was observed.11a 

Covalent-bonded assembly of 1 

To obtain a covalent-bonded assembly, 1 was reacted with one 55 

equivalent of pentaerythritol (P), a tetraol linking agent, in 
acetone at 80 °C in a sealed tube. MALDI-TOF-MS analysis 
revealed that the resulting orange crude product contains 
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Fig. 4 Crystal structure of 2. Hydrogen atoms are omitted for clarity. 
Fe-Fe distances are also shown.  70 
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Fig. 5 Cyclic voltammograms (left) and differential pulse 
voltammograms (right) of 2 and C (1.0 mM) in CH2Cl2 containing n-
Bu4NBArF (0.1 M). Scan rate: 100 mV s−1; [2] = [C] = 1.0 mM. 85 

 
Table 1. Redox potentials E1/2

n and comproportionation constants Kn 
for 2 and C.a 

Compound E1/2
1 E1/2

2 E1/2
3 E1/2

4 K1
 K2 K3 

2 528 585 1169 1284 9.2 7.5 x 109 88 

C 674 756 - - 24 - - 
a Potentials in mV vs. Fc*+/Fc* (Fc* = decamethylferrocene). The 
values of Kn were determined by eq. 3 in Experimental Section. 90 

 
 
 
 
 95 

 
oligomers having [FcFcBO2C5H8O2B] repeat units (n = 2 ~ 6) as 
shown in Fig. S4. The chemical formula [FcFcBO2C5H8O2B]n 
corresponds to cyclic oligomers. Interestingly, most observed 
peaks were assigned to the cyclic oligomers rather than B(OH)2 100 

or CH2OH terminated linear oligomers. This selectivity to cyclic 
compounds is reasonable because P serves as a twisted linker 
rather than linear one (see the B···C(spiro)···B angle in the two 
dioxaborane rings below). Extraction of the resulting orange solid 
with CHCl3 and crystallization from CHCl3/diethyl ether afforded 105 

compound 2 in 33% yield. Identification by 11B-, 1H- and 13C-
NMR, ESI-MS (Figs. S5–8) and XRD confirmed that 2 is a 
macrocyclic dimer. The solid-state molecular structure of 2 is 
shown in Fig. 4. Fe(II) ions of 2 are located at four apexes of a 
parallelogram. Unlike the transoid arrangement of the B(OH)2 110 

groups in 1, ferrocenyl groups of 2 showed nearly “synperiplanar 
and synclinal eclipsed” conformations of the B(OH)2 and Cp 
substituents, resulting in a torsion angle of −68.55° for B1-C4-
C16-B2. In 2, the B···C(spiro)···B angle o(130.45°) is 7.15° 
smaller than that found in the reference macrocyclic dimer 115 
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composed of B and P ([FcBO2C5H8O2BFc]2 (C)), as reported by 
Aldridge et al..11b This distorted structure of the dioxaborane 
rings in 2 increased the twist angle between the Cp rings in the 
fulvalenide moiety (11.7°). In CDCl3 and DMSO-d6, eight CH2 
protons were equivalent in the 1H-NMR measurements of 2, 5 

implying its symmetric structure in solution. In the DFT 
optimized geometry of 2 using the B3LYP/LanL2DZ (Fe atom) 
and 6-31G(d) (all other atoms) levels of theory, Fe(II) ions of 2 
are also located at four apexes of a parallelogram as shown in Fig. 
S13 and Table S4 while the Fe···Fe distances between the BiFc 10 

units and the twisted angle between the Cp rings in the 
fulvalenide moieties are enlarged because of the absence of 
crystal-packing effects compared to those determined by XRD 
analysis (Table S8). To the best of our knowledge, 2 is the first 
macrocyclic compound composed of BiFc units, although several 15 

macrocyclic compounds composed of Fc units and heteroatom 
spacers have been reported.17 

The electrochemical behaviour of 2, together with that of the 
reference macrocycle C, was investigated using cyclic 
voltammetry (CV) and differential pulse voltammetry (DPV) in 20 

CH2Cl2 containing n-Bu4NBArF4 (ArF = 3,5-bis(trifluoromethyl) 
phenyl) at 298 K as shown in Fig. 5. The data are listed in Table 
1. Compound 2, which has four chemically equivalent ferrocenyl 
units, exhibited four defined reversible waves with a total spread 
of 756 mV (E1/2

4 – E1/2
1), indicating interactions between the four 25 

ferrocenyl units. The large redox splitting between E1/2
2 and E1/2

3 
for 2 gave a 109 order thermodynamic stability for 22+, in which 
the two ferrocenium sites are located on the longer diagonal of 
the parallelogram; this would be favoured electrostatically, as 
shown in Scheme 2. This large stabilization primarily comes from 30 

the electronic interactions inside the BiFc units. This is consistent 
with the DFT calculations for 1, 2 and C (Figs. S12–14, Tables 
S2–7); the HOMO and HOMO–1 in 2 are delocalized across the 
iron centres through pz orbitals of the fulvalenide rings but not 
across the BO2C5H8O2B linkers, retaining the properties of 35 

HOMOs of 1 and C (Fig. S15). While C exhibited two defined 
waves indicative of the electrostatic interaction between Fc units 
across the dioxaborane rings (E1/2

2 – E1/2
1 = 82 mV), 2 exhibited a 

smaller redox splitting between E1/2
1 and E1/2

2 (57 mV). This 
result confirmed the electrostatic interaction between the BiFc 40 

units across the dioxaborane rings in 2 although this interaction is 
weaker than that in C because of the difference in macrocycle 
size, consistent with the DFT-optimized Fe-Fe distances (12.19 Å 
for 2 in the longer diagonal, 9.68 Å for C). The 
comproportionation constant for 23+ (K3) is larger by factors of 45 

3.7 and 9.6 than those for C+ (K1) and 2+ (K1), respectively, 
reflecting the greater thermodynamic stability of 23+ and the 
larger electrostatic repulsion upon formation of the highly 
charged species 24+. It should be noted that assembling Fe(II) ions 
with two types of ligands (CpCp and CpBO2C5H8O2BCp) 50 

afforded two types of interactions (strong through-bond and weak 
through-space) inside the discrete tetra-ferrocenyl complex 2. 
 
 

 55 

 
Scheme 2. Graphical representation of the electrochemical behaviour 
of 2. Each circle represents a ferrocenyl unit. 
 

Conclusions 60 

A new organobimetallic complex 1 forms 1D hydrogen-bonded 
networks with or without lateral hydrogen bonds with solvent 
molecules, as well as a stepwise laminated network. This boronic 
acid-based supramolecular method provides new insight into 
association of functional bimetallic complexes without additional 65 

metal-ligand coordination chemistry. A cyclocondensed dimeric 
compound 2 between the flexible building block 1 and a rigid 
tetraol linker (pentaerythritol) exhibited unique electrochemical 
behaviour, showing both intra- and inter-biferrocenyl interactions, 
in sharp contrast to previously reported macrocyclic 70 

multiferrocenyl compounds,16 which display only electrostatic 
interactions.  

Experimental 

Materials and methods 

All solvents and chemicals used in the syntheses were of reagent 75 

grade and were used without further purification. 1′,1′′′-
Dibromobiferrocene,14 C,11b and n-Bu4NBArF18 were synthesized 
according to previously reported procedures.  
    The UV-vis-NIR absorption spectra were measured on a 
JASCO V-670 spectrometer at room temperature. The 1H-, 80 

13C{1H}-, and 11B-NMR spectra were recorded using JEOL JNM-
ECP400 and JNM-ECA600 spectrometers installed at the Nara 
Institute of Science and Technology; tetramethylsilane (TMS) 
was used as an internal standard (0 ppm) for 1H- and 13C{1H}-
NMR analysis and Et2O·BF3 was used as an external standard (0 85 

ppm) for 11B-NMR analysis. The ESI-MS were obtained using a 
JEOL JMS-T100CS spectrometer. The MALDI-TOF-MS were 
obtained using a Bruker Autoflex II spectrometer). Elemental 
analyses were performed using a Perkin Elmer 2400 II CHNS/O 
elemental analyzer. 90 

    All voltammetric experiments were carried out using a BAS 
electrochemical analyzer (Bioanalytical Systems Inc, West 
Lafayette, IN, USA). All experiments were performed using a 
conventional three-electrode system at 298 K. A platinum wire 
(1.6 mm diameter) was employed as the counter electrode, a 95 

glassy carbon electrode (3.0 mm diameter) as the working 
electrode and an Ag-AgCl (3.0 M NaCl) electrode as the 
reference electrode. Typically, nonaqueous CH2Cl2 solutions 
containing 2 and n-Bu4NBArF4 (0.1 M) were deaerated prior to 
each measurement, and an argon atmosphere was maintained 100 

inside the cell throughout each measurement. Each experiment 
was first performed in the absence of any internal standard and 
then repeated in the presence of decamethylferrocene (Fc*). A 
separate experiment containing only ferrocene and 
decamethylferrocene was also performed. The potentials are 105 

quoted relative to Fc*+/Fc* couple. In this setup, the Fc+/Fc 
couple was observed at 618 mV vs. Fc*+/Fc* while the Fc+/Fc 
couple was at 568 mV vs. Ag/AgCl in CH2Cl2/n-Bu4NBArF. The 
potential data quoted relative to the Fc+/Fc couple are also shown 
in Table S1. Compounds 2 and C had multiple redox potentials, 110 

as described by eq. 1. When An+ is in equilibrium with species 
An-1 and An+1 (eq. 2), the comproportionation constant Kn can be 
obtained from ∆E = E1/2

n+1 − E1/2
n (eq. 3), where F is Faraday’s 

constant. 
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Table 2 Summary of crystallographic data and refinement parameters for 1, (1)3(THF)2 and 2. 

 1 (1)3(THF)2 2 

empirical formula C20H20B2Fe2O4 C68H76B6Fe6O14 C50H48B4Fe4O8 
formula weight 457.69 1517.28 1043.55 
crystal dimensions (mm) 0.120 x 0.040 x 0.030 0.130 x 0.090 x 0.030 0.110 x 0.030 x 0.020 
crystal system monoclinic monoclinic monoclinic 
space group P21/n (#14) C2/c (#15) P21/n (#14) 
temperature (°C) −150 −150 −150 
a (Å) 5.6275(1) 29.2155(6) 8.4782(2) 
b (Å) 19.4131(4) 8.7788(2) 10.0863(2) 
c (Å) 8.1555(2) 27.5805(5) 25.0146(5) 
β (deg) 105.4700(7) 114.5886(7) 91.4018(7) 
V (Å3) 858.69(3) 6432.3(2) 6432.3(2) 
Z 2 4 2 
ρcalcd (g cm−3) 1.770 1.567 1.621 
F(000) 468.00 3128.00 1072.00 
µ (MoKα) (cm−1) 17.139 13.831 13.876 
2φmax (deg) 55.0 55.0 55.0 
GOF 1.193 1.134 1.142 
R1a 0.0289 0.0324 0.0286 
wR2b 0.0836 0.0880 0.0765 
∆ρmax/∆ρmin (e/Å3) 0.70/−0.43 1.08/−0.47 0.72/−0.33 
a R1 = Σ ||Fo| − |Fc|| / Σ |Fo|. 

b wR2 = [Σ (w(Fo
2
−Fc

2)2 )/ Σ w(Fo
2)2]1/2.  

 
 5 

An-1   →   An+   →   An+1 
 
 

An-1  +  An+1  →  2 An+ 
 10 

Kn = [An+]2/[An-1][An+1] = exp(∆E F/RT)  
 

Synthesis of 1′,1′′′-biferrocenediboronic acid (1) 

1′,1′′′-Dibromobiferrocene (0.306 g, 0.579 mmol) was dissolved 
in dry THF (15 ml). After the addition of an n-hexane solution of 15 

n-butyllithium (1.6 M, 1.1 ml) at −78 °C, the reaction mixture 
was stirred for 1 h. Then, tributyl borate (0.412 g, 1.79 mmol) 
was added to the reaction mixture. After stirring overnight, an 
aqueous solution of KOH (10%, 5 ml) was added. After stirring 
for 10 min, the reaction mixture was extracted with an aqueous 20 

solution of KOH (10%, 45 ml). Upon addition of 10% sulphuric 
acid at 0 °C, a dark brown reprecipitate was filtered and 
suspended in CHCl3. The target compound was obtained by 
filtration as an orange solid. Yield: 671 mg (76%). Mp.: >250 °C. 
1H-NMR (600 MHz, DMSO-d6, ppm): δ = 4.01 (pt, 4H, C4H4), 25 

4.04 (pt, 4H, C4H4), 4.23 (pt, 4H, C4H4), 4.32 (pt, 4H, C4H4), 7.37 
(s, 4H, OH). 13C-NMR (150 MHz, DMSO-d6, ppm): δ = 64.90 
(C-B(OH)2), 66.73, 67.89, 72.29, 74.25, 83.74 (C-C5H5). 

11B-
NMR (128 MHz, DMSO-d6, ppm): δ = 28.96 (br). HR-ESI-MS 
(m/z). Calc. for C20H20B2Fe4O4 [M

+]: 458.0255. Found: 458.0225. 30 

UV-vis (DMSO): [λmax/nm] (εmax), 301 (7.38 × 103), 452 (650). 

Synthesis of [FcFcBO2C5H8O2B]2 (2) 

A mixture of 1 (202 mg, 0.442 mmol) and pentaerythritol (60 mg, 
0.44 mmol) in dry acetone (15 ml) was sealed in a thick-walled 
pressure tube and stirred at 80 °C for 16 h. After filtration of the 35 

solution, the orange residue was dried in vacuo. The residue was 
dispersed in CHCl3 and the filtrate was evaporated to dryness to 
give the target compound. Yield: 75 mg (33%). HR-ESI-MS 
(m/z). Calc. for C50H48B4Fe4O8 [M+]: 1044.1134. Found: 
1044.1153. 1H-NMR (600 MHz, DMSO-d6, ppm): δ = 4.03 (s, 40 

2H, CH2), 4.08 (pt, 1H, C4H4), 4.17 (pt, 1H, C4H4), 4.20 (pt, 1H, 
C4H4), 4.45 (pt, 1H, C4H4). 

1H-NMR (600 MHz, CDCl3, ppm): δ 
= 4.01 (s, 2H, CH2), 4.22 (m, 3H), 4.40 (pt, 1H). 13C-NMR (150 
MHz, CDCl3, ppm): δ = 36.58 (C(spiro)), 64.80 (CH2), 66.79, 
68.08, 72.98, 74.49, 84.02 (C-C5H5). 

11B-NMR (400 MHz, 45 

CDCl3, ppm): δ = 28.60 (br). UV-vis (CH2Cl2): [λmax/nm] (εmax), 
298 (1.56 x 104), 456 (1.43 x 103). 

Single crystal X-ray diffraction (XRD) analysis 

Single crystals of 1 and (1)3(THF)2 suitable for XRD analysis 
were obtained by diffusion of hexane into a THF solution 50 

containing 1 at ambient temperature. Single crystals of 2 for XRD 
analysis were obtained by diffusion of ether into a CHCl3 solution 
containing 1 at ambient temperature. Data were collected with a 
Rigaku ValiMax RAPID RA-Micro7HFM using Mo Kα radiation 
at −150 °C. The diffraction data were processed with RAPID 55 

AUTO on a Rigaku program, and the structures were solved by 
direct methods and refined on F2 by full-matrix least-squares 
using CrystalStructure and SHELXL-97 (Table 2). CCDC 
982376, 982377 and 982378 contain the supplementary 
crystallographic data for 1, (1)3(THF)2 and 2 in this paper, 60 

respectively. These data can be obtained free of charge from the 
Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 

DFT calculations 

The calculations were carried out using the Gaussian09 program 65 

package.19 The geometries of 1, 2 and C were optimised using 

E1/2
n E1/2

n+1 

−e− −e− 

Kn 

(1) 

(2) 

(3) 
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DFT methods without symmetry constraints. The three-
parameterized Becke–Lee–Yang–Parr (B3LYP) hybrid exchange-
correlation functional20 was used with the Lanl2DZ (Hay–Wadt 
ECP) basis set21 for the Fe atom and the 6-31G(d) basis set22 for 
the other atoms; solvent effects were not taken into account. The 5 

stability of the optimised gas-phase structure was confirmed by 
calculating the molecular vibrational frequencies, in which no 
imaginary frequencies were observed. The single-point 
calculations were carried out using the same basis set as used for 
the geometry optimisations, also without considering solvent 10 

effects. Molecular composition analysis was conducted using the 
GaussSum Program. In the optimised structures of 2 and C, 
ferrocenyl groups showed nearly eclipsed conformations of the 
B(OH)2 and Cp substituents (Tables S4 to S7 and Figs. S13 and 
14). For 1, an optimised structure with a nearly eclipsed 15 

conformation and that with a more staggered conformation (1’) 
were obtained as shown in Fig. S11. Although the latter is the 
most stable structure in gas-phase, we adopted the former (Tables 
S2 and S3 and Fig. S15) to discuss inter-ferrocenyl interactions of 
1, 2 and C in the same nearly eclipsed conformation. 20 
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Covalent- and hydrogen-bonded assemblies were constructed from 1′,1′′′-biferrocenediboronic acid as a 
new organobimetallic building block.  
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