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ABSTRACT: Three-dimensional aromaticity arising from the close stacking of two antiaromatic π-conjugated macrocycles has recently re-
ceived considerable attention. Here, a cyclophane consisting of two antiaromatic Ni(II) norcorrole units tethered with two flexible alkyl chains 
was synthesized. The norcorrole cyclophane showed crystal polymorphism providing three different solid-state structures. Surprisingly, one of 
them adopted an aligned face-to-face stacking arrangement with negligible displacement along the slipping axis. Although the exchange repul-
sion between two π-clouds should be maximized in this orientation, the π–π distance is remarkably close (3.258 Å). Three-dimensional aroma-
ticity in this conformation has been supported experimentally and theoretically as evidenced by small bond length alternation as well as the 
presence of a diatropic ring current. An analogous cyclophane with two aromatic Ni(II) porphyrin units was prepared for comparison. The 
porphyrin cyclophane exhibited a slipped-stacking conformation with a larger displacement (2.9 Å) and a larger interplanar distance (3.402 Å) 
without noticeable change of the aromaticity of each porphyrin unit. In solution, the norcorrole cyclophane forms a twist stacking arrangement 
with effective interplanar orbital overlap and exists in an equilibrium between stacked and non-stacked structures. Thermodynamic parameters 
of the stacking process were estimated, revealing an inherently large attractive interaction operating between two norcorrole units, which has 
been further supported by energy decomposition analysis. 

INTRODUCTION 
π–π stacking is an essential feature in the crystal engineering of pla-
nar π-conjugated molecules because it governs various fundamental 
physical processes in the condensed phase, namely energy transfer, 
charge transfer, and phonon transport.1 Furthermore, π–π stacking 
significantly contributes to maintaining complex assemblies, i.e. hel-
ical structure of DNA and tertiary structure of proteins.2 In the solid 
state, π-systems generally favor to form slipped-stacked or staggered 
arrangements.3 In contrast, completely overlapped face-to-face 
stacking is rarely observed because the exchange repulsion between 
two π-clouds is maximized in this orientation. Exceptional examples 
include organic π-radicals, where intermolecular exchange interac-
tions are rather attractive due to the presence of unpaired electrons.4 
Consequently, the interplanar distance between two closed-shell π-
systems is typically longer than 3.4 Å, which is a sum of the van der 
Waals radii of two carbon atoms. Considering that the transfer inte-
gral between two π-planes should be maximized in the aligned face-
to-face arrangement, the creation of this arrangement with a smaller 
interplanar distance should be beneficial for the future design of 
practical electronic and optoelectronic materials. 

 

NN
N NNi

Ph

Ph

NN
N NNi

Ph

Ph
S

S

1

4

O

O

O

O

8

88

8

N N
NN Ni

N N
NN Ni

3

O

O

O

O

8

88

8

N N
NNNi

N N
NN Ni

2

N N
NN Ni

N N
NNNi

S

S

S

S



 

Figure 1. Norcorrole and porphyrin cyclophanes in the present study. 

Norcorrole is a ring-contracted porphyrin, which lacks two meso-car-
bon atoms from regular porphyrin.5,6 Due to 16 π-electrons on its 
planar π-conjugation pathway, norcorrole Ni(II) complexes exhibit 
distinct antiaromaticity. Recently, we reported that tethered norcor-
role dimer 1 and cyclophane 2 exhibit closely stacked structures with 
interplanar distances of 3.05 Å (Figure 1).7 The remarkable proxim-
ity of the two norcorrole units has been rationalized by the emer-
gence of three-dimensional aromaticity owing to the spatial delocal-
ization of π-electrons between two antiaromatic systems.8 However, 
the two norcorrole units in 1 and 2 still avoided adopting aligned 
face-to-face stacking, resulting in a twisted arrangement with rota-
tion angles of 66° and 22°, respectively. Furthermore, these previous 
studies lacked the preparation of the corresponding aromatic coun-
terparts and the investigation into the three-dimensional aromaticity 
from the energetical point of view. 
Here we report the synthesis of norcorrole cyclophane 3, whose nor-
corrole units are linked with two flexible alkyl chains (Figure 1). The 
corresponding porphyrin analogue 4 was also synthesized for com-
parison. Interestingly, 3 showed crystal polymorphism leading to 
three different solid-state structures, in which the orientation of the 
two antiaromatic π-conjugated subsystems is substantially different. 
The three-dimensional aromaticity in these conformations has been 
evaluated experimentally and theoretically. The thermodynamic pa-
rameters upon the equilibrium between stacked and non-stacked 
structures in solution were also determined for 3 and 4. 

RESULTS AND DISCUSSION 
Synthesis. The synthesis of the target cyclophanes commenced 
with the preparation of norcorrole and porphyrin Ni(II) complexes 
5 and 6 with 3-dodec-11-enyloxyphenyl groups at the meso-posi-
tions (Scheme 1). The ruthenium-catalyzed olefin metathesis9 of 
norcorrole Ni(II) complex 5 under diluted conditions (1.0 mM) af-
forded norcorrole cyclophane 3 in 26% yield as a mixture of E and Z-
isomers of the internal alkene moiety (E,E:E,Z:Z,Z = ca. 3:3:1). The 
high-resolution atmospheric pressure chemical ionization (APCI)-
TOF mass spectrum of 3 showed a parent ion peak at m/z = 
1656.7798 (calcd for C104H116N8Ni2O4, m/z = 1656.7821 [M]+), in-
dicating the formation of the macrocyclic dimer. The reaction also 
furnished macrocyclic norcorrole monomer 7 in 23% yield. The 
yield of cyclophane 3 was improved to 48% under rather concen-
trated conditions (2.0 mM). The dilution to 0.5 mM increased the 
yield of cyclic monomer 7 to 43% yield. Interestingly, the metathesis 
reaction of porphyrin 6 at 0.1 mM provided only macrocyclic mon-
omer 8 in 57% yield without the formation of target cyclophane 4. 
After optimization, cyclophane 4 was obtained in 19% yield under 
more concentrated conditions at 8.0 mM along with cyclic and acy-
clic oligomeric porphyrins. 
Scheme 1. Synthesis of Norcorrole and Porphyrin Cyclophanes 
3 and 4 through Olefin-Metathesis 

 
Solid-state structures. We found three crystal polymorphs of nor-
corrole cyclophane 3 (α, β, and γ) even from the same solvent com-
bination, CHCl3/MeOH (Figures 2–4 and Table S1). In all cases, 
the two norcorrole planes formed a π–π stacking structure. The ob-
served stacking structures are labeled A, B, and C, corresponding to 
the polymorphs α, β, and γ respectively. 
Slow vapor diffusion of methanol into a chloroform solution of 3 af-
forded suitable crystals (polymorph α) for X-ray diffraction analysis. 
The norcorrole π-system is slightly distorted to a shallow bowl con-
formation with a mean plane deviation of 0.082 Å (Figure 2). Im-
portantly, the torsion angle of Cmeso–Ni–Ni'–C'meso is 0° (Figure 2d). 
The relative displacement of the Ni(II) centers is ca. 0.5 Å. These 
results indicate that the two stacking norcorrole cores are almost 
overlapped. Such aligned face-to-face stacking is counterintuitive in 
terms of the expected strong exchange repulsion between π-elec-
trons. The distance between the two mean planes of the macrocycles 
is 3.26 Å, while the distance between the two nickel centers is 2.878 
Å. The alkyl substituents adopt a hairpin-like conformation due to 
the van der Waals interaction. 
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Figure 2. X-ray structure of norcorrole cyclophane 3 (polymorph α). 
(a) Molecular structure. (b–d) Stacking structure of two norcorrole 
units. Hydrogen atoms and alkyl chains in (b–d) are omitted for clarity. 

 
Figure 3. X-ray structure of norcorrole cyclophane 3 (polymorph β). 
(a) Molecular structure. (b, c) Stacking structure of two norcorrole units. 
Hydrogen atoms and alkyl chains in (b, c) are omitted for clarity. 

In polymorph β, two norcorrole units again adopt a closely stacked 
arrangement with an interplanar distance of 3.33 Å (Figure 3). The 
two π-planes are twisted with a Cmeso–Ni–Ni'–C'meso dihedral angle of 
36°, in which two nickel atoms are located along the rotation axis 
with a Ni–Ni' distance of 2.934 Å. The orientation of the two nor-
corroles is similar to the previously reported dinorcorroles 1 and 2, 
in which the two macrocycles adopt a twisted conformation. 
Polymorph γ was obtained by vapor diffusion of methanol into a rel-
atively diluted solution of 3 in chloroform (Figure 4). The resulting 
π-stacked structure C exhibits typical slipped stacking with an 

interplanar distance of 3.39 Å. The relative displacement of the two 
macrocycles’ centers is 1.5 Å, which is substantially larger than that 
of A and B. The distance between the two Ni(II) centers is 3.719 Å. 
These structural parameters suggest that the interplanar interaction 
between norcorrole units of C is weaker than that of A and B. The 
alkyl tethers of C are densely packed in comparison to those of A and 
B, implying that this conformation is dominated by the van der 
Waals force between alkyl groups rather than by the interactions be-
tween the two macrocycles. Currently, we speculate that the poly-
morphs of norcorrole cyclophane 3 result from balancing the inter-
action between the norcorrole macrocycles and the zipper effect 
among the alkyl linkers. 

 

Figure 4. X-ray structure of norcorrole cyclophane 3 (polymorph γ). 
(a) Molecular structure. (b–d) Stacking structure of two norcorrole 
units. Hydrogen atoms and alkyl chains in (b–d) are omitted for clarity. 

The crystal structure of porphyrin cyclophane 4 was also unambigu-
ously elucidated (Figure 5). In sharp contrast to norcorrole cyclo-
phane 3, the two porphyrin macrocycles adopt a slipped-stacking 
structure, which is typical for aromatic π-systems. The relative dis-
placement and interplanar distance of the two porphyrin units are 
2.9 Å and 3.402 Å, respectively. The interplanar distance is substan-
tially longer than the distances observed in A and B. The porphyrin 
framework is distorted with a mean plane deviation of 0.195 Å, 
which is due to the small ionic radius of Ni(II). The two Ni(II) cen-
ters are separated by a distance of 4.462 Å. 



 

 
Figure 5. X-ray structure of porphyrin cyclophane 4. (a) Molecular 
structure, (b–d) stacking structure of two porphyrin units. Hydrogen at-
oms and alkyl chains in (b–d) are omitted for clarity. 

The bond length alternation (BLA) in cyclic conjugation systems is 
a good index for the degree of π-electron delocalization in macrocy-
cles. We evaluated BLA on the basis of the harmonic oscillator 
model of aromaticity (HOMA)10 analysis (Table 1). The HOMA 
value in A is 0.69, which is larger than those of norcorrole monomer 
(0.45) and previously reported stacked norcorrole dimers (1: 0.55–
0.57, 2: 0.56–0.59). It is noteworthy that the magnitude of the bond 
length equalization is comparable to that in the aromatic macrocy-
cles in porphyrin cyclophane 4 (HOMA = 0.77). These results indi-
cate that the double bonds in A are delocalized in the norcorrole 
units. In contrast, the HOMA values in B (0.41–0.47) and C (0.38) 
are substantially lowered to reveal their less-effective π-electron de-
localization. It is also worth noting that the HOMA value of porphy-
rin cyclophane 4 is comparable to that of 5,10,15,20-tetramesit-
ylporphyrin Ni(II) (0.77),7a which means that the change of HOMA 
values in the stacked conformation has not been observed for the ar-
omatic porphyrin system. 
Table 1. HOMA values of norcorrole and porphyrin units in cy-
clophanes 3 and 4. 

structures HOMA 

A 0.69 

B 0.41, 0.47 

C 0.38 

4 0.77 

1 0.55, 0.57 

2 0.56, 0.59 

 

Ring current effect. The aromaticity/antiaromaticity of norcorrole 
cyclophanes 3 corresponding to the three polymorph structures (A, 
B, and C) was evaluated by theoretical calculations on the basis of 
magnetic criteria by means of nucleus-independent chemical shift 
(NICS)11 analyses as well as current density analyses with the gauge-
including magnetically induced current (GIMIC) method12 and an-
isotropy of the induced current density (ACID) method.13 The mag-
netic property of porphyrin cyclophane 4 was also investigated for 
comparison.  
The NICS values of A, B, and C in their crystal structures were cal-
culated at the GIAO-BHLYP/def2-TZVP level, because the B3LYP 
functional has been reported to overestimate paratropic current 
strengths.14 The alkoxy tethers were replaced with hydrogen atoms 
to reduce the calculation cost. To probe the magnetic effect in both 
inner and outer spaces of cyclophanes, NICS(1) and NICS(–1) 
were examined at eight positions 1.0 Å above and below the five-
membered and six-membered ring substructures of the norcorrole 
and porphyrin macrocycles (Table 2 and Figure S29). Importantly, 
largely negative NICS(1) and NICS(–1) values from –18.0 to –32.5 
ppm were provided for A, supporting the distinct magnetic aroma-
ticity. On the other hand, the NICS(1) and NICS(–1) values of C 
(27.9–44.1 ppm) are essentially the same as those of the monomeric 
Ni(II) norcorrole (30.1–36.1 ppm), indicating each norcorrole unit 
maintains its distinct antiaromaticity. In structure B, the NICS(1) 
and NICS(–1) values (22.2–27.2 ppm) are substantially decreased 
in comparison to those of C, indicating its attenuated antiaromatic-
ity. Furthermore, we optimized several face-to-face stacking arrange-
ments of norcorroles with fixing the twist angles to calculate their 
NICS values (Figure S32). The results support that the NICS values 
are highly dependent on the twist angle. In the case of porphyrin cy-
clophane 4, the NICS values of the porphyrin units are comparable 
to those of a monomeric porphyrin.  
Table 2. NICS(1) and NICS(–1) values of norcorrole and por-
phyrin units in cyclophanes 3 and 4.a 

structures NICS(1) NICS(–1) 

A –19.0, –18.3, –18.2, –18.0 –32.5, –30.3, –29.6, –29.1 

B 24.1, 23.6, 22.8, 22.2 27.2, 24.5, 23.2, 22.9 

C 34.0, 33.1, 32.7, 27.9 44.1, 38.5, 31.1, 30.6 

norcorrole 
monomer 36.1, 35.7, 34.3, 33.7 33.4, 32.4, 31.0, 30.1 

4 –23,0, –19.9, –19.2, –19.0 –24.7, –23.4, –23.0, –17.2 

porphyrin 
monomer 

–19.6, –19.5, –17.6, –17.5 –19.9, –19.8, –18.4, –18.0 

a The calculations were conducted at the GIAO-BHLYP/def2-TZVP 
level. 

The two-dimensional NICS plots of three conformations (A, B, and 
C) of norcorrole cyclophane 3 as well as porphyrin cyclophane 4 are 
shown in Figure 6. The inspection plane was set between two mac-
rocycles. In structure A, the shielded region (ca. –30 ppm) in blue 
was confirmed in the space surrounded by two norcorrole units, sup-
porting the aromatic nature of cyclophane 3 in the aligned π-stacking 
orientation (Figure 6a). In contrast, the deshielded region in red ex-
ists in the inner space of B and C, while the magnitude of the 
deshielding effect in B is weaker than that in C (Figure 6b and 6c). 
It is noteworthy that the magnetic shielding effect in A is rather 
stronger than that in aromatic porphyrin cyclophane 4 (Figure 6d). 



 

 
Figure 6. NICS plots of cyclophanes 3 and 4. a) A, b) B, c) C, and 

d) 4. The geometries of cyclophanes were obtained from their crystal 
structures but the alkoxy tethers were placed with hydrogen atoms to re-
duce the calculation cost. The calculations were conducted at the 
GIAO-BHLYP/def2-TZVP level. 

The magnetically induced ring currents in different conformations 
of norcorrole cyclophane 3 were visualized and quantified by a cur-
rent density analysis with the GIMIC method (Figure 7).12 In this 
calculation, the substituents were replaced with hydrogen atoms to 
simplify the analysis. Figure 7a and 7b demonstrate integrated cur-
rent strength susceptibilities (in nA T–1) for the antiaromatic norcor-
role monomer and aligned stacked dimer A, which have net currents 
of –45.5 and 22.2 nA T–1, respectively. For comparison, the aromatic 
Ni(II) porphyrin cyclophane 4 has a net current of 28.1 nA T–1 at the 
same level of theory. The clockwise ring current in A strongly sup-
ports its distinct aromatic nature in magnetic criteria (Movie S1). 
The ring current is split into two streams at each pyrrolic ring. In the 
case of the Ni(II) monomer, the current flows preferentially through 
the inner pathway, while the division of the stream is almost equal in 
the case of aromatic norcorrole cyclophane A. In contrast to cyclo-
phane A, the ring current streams in the case of B were complicated 
on the norcorrole macrocycles (Movie S3). Interestingly, B exhib-
ited the current stream through the space between two norcorrole 
units, while such three-dimensional current was not detected in the 
case of A (Movie S2 and S4). The visualized streamlines in A lacked 
in the space current (Figure 7c). On the other hand, three dimen-
sional streamlines in B demonstrates the presence of very rich cur-
rent density interactions. Norcorrole cyclophane C clearly shows the 
counter-clockwise ring current of –49.2 nA T–1 due to its distinct an-
tiaromaticity of the norcorrole unit (Figure S38 and Movie S5) with-
out generation of the space current (Movie S6). The ACID plots 
also confirmed that only B showed the inter-norcorrole current 
stream (Figure S31). The exact reason for existence of the spatial 
current stream in B but not in A is currently unclear. We presume 
that the symmetry difference between A and B is important. The 
paratropic contribution of the ring current of antiaromatic porphy-
rinoids is related to the magnetic dipole transition in the first excited 
state.14a Due to the higher symmetry of A, the magnetic dipole tran-
sition to the first excited state is parity-forbidden, while B exhibits 
the magnetic dipole allowed transition, which is probably related to 
the inter-norcorrole current. 

The aforementioned calculations clearly conclude the π-stacking 
distance and the twist angle between two norcorrole units are a cru-
cial determinant for the generation of the three-dimensional aroma-
ticity. Namely, an aligned face-to-face stacking with a short π–π dis-
tance is crucial to generate a distinct diatropic ring current. 

 

Figure 7. GIMIC analysis of a) norcorrole monomer and b) cyclo-
phane A conducted at the GIAO-BHLYP/def2-TZVP level. Inte-
grated current strength susceptibilities across selected bonds are 
given in nA T–1. The yellow arrows indicate the direction of the cur-
rent flow. Illustration of the calculated three-dimensional current 
density represented as three dimensional streamlines in c) cyclo-
phane A) and d) cyclophane B.  

Molecular orbital interactions in norcorrole cyclophane. 
To evaluate the orbital interactions, frontier orbitals of norcorrole 
cyclophanes in three different conformations were examined with 
the DFT calculations at the B3LYP/def2-TZVP level. As illustrated 
in Figure 8 and Figure S33, in-phase and out-phase combinations of 
two HOMOs generate stabilized and destabilized MOs. The aligned 
orientation of two antiaromatic norcorrole units in A maximizes the 
interaction between HOMOs and LUMOs of two norcorrole mac-
rocycles, which highlights the effective orbital overlap. 

 
Figure 8. Molecular orbital energy diagrams of norcorrole cyclo-

phane 3. The geometries of 3 were obtained from their crystal structures 
but the alkoxy tethers were placed with hydrogen atoms to reduce the 



 

calculation cost. The calculations were conducted at the B3LYP/def2-
TZVP level. 

Table 3. Transfer integrals for norcorrole cyclophane 3. Calcu-
lations were conducted at the B3LYP/def2-TZVP level.a 

 
t1 [meV] 

HOMO–HOMO 
t2 [meV] 

LUMO–LUMO 
A 728 745 
B 271 34.5 
C 42.7 23.3 

a The geometries of 3 were obtained from their crystal structures but 
the alkoxy tethers were placed with hydrogen atoms to reduce the calcu-
lation cost. The calculations were conducted at the B3LYP/def2-TZVP 
level. 

We estimated the orbital interactions between two norcorroles in A, 
B, and C in terms of transfer integrals t1 and t2 between their individ-
ual HOMOs and LUMOs, respectively (Table 3). The values of the 
transfer integrals were calculated with the corresponding dimer 
structures in the crystal packing of A, B, and C with the B3LYP/def2-
TZVP level using CATNIP.15 The transfer integrals t1 and t2 of A are 
significantly large (728 and 745 meV), supporting effective orbital 
interactions in both HOMOs and LUMOs in the aligned stacking 
structure. Because of the large orbital interactions, the combination 
of LUMOs and HOMOs of the monomer affords HOMO and 
LUMO of the dimeric cyclophane. The transfer integral t1 is substan-
tially larger than t2, indicating the less-effective overlap of the LU-
MOs in B. In C, both transfer integrals t1 and t2 are moderate due to 
its well-separated orientation of two π-systems. Naturally, the mag-
nitude of transfer integrals is in line with the splitting of HOMO and 
LUMO levels in the MO diagrams (Figure 8). 
Stacking behaviors of norcorrole and porphyrin cyclophanes in 
solution. We then explored the stacking dynamics of norcorrole cy-
clophanes 3 in solution. The 1H NMR spectra of 3 were measured in 
toluene-d8 and CDCl3 at various temperatures (Figure S23). The 1H 
NMR spectrum of 3 in toluene-d8 at 373 K displayed its pyrrole pro-
tons from 2.4 to 3.1 ppm. These signals appeared in the region com-
parable to those of monomer 7 (1.8–2.4 ppm), indicating that 3 pre-
dominantly exists in a non-stacked conformation in solution at this 
temperature. Cooling of the solution induced apparent down-field 
shift of these signals, reaching 4.5–5.5 ppm at 193 K. A similar tem-
perature-dependence was also detected in CDCl3. The observed 
down-field shift is characteristic of stacked norcorrole dimers 1 and 
2,7 thus suggesting the existence of equilibrium between non-
stacked and stacked states. On the basis of nonlinear curve regres-
sion analysis of the chemical shift changes (Figure S26), we esti-
mated enthalpy and entropy changes DH of –23 kJ mol–1 and DS of –
68 J K–1 mol–1, respectively, in toluene-d8 as well as DH of –22 kJ mol–

1 and DS of –59 J K–1 mol–1 in CDCl3 (Table 4).16 These values afford 
association constants at 293 K (K293) of 5.6 and 3.7 in CDCl3 and 
toluene-d8, respectively, indicating that ca. 78–85% of 3 adopt a 
stacked form at room temperature (293 K). The fitting analysis also 
estimated that pyrrolic proton signals in the stacked form would ap-
pear around 4.2–4.6 ppm. 
DFT calculations at the BLYP-D3/6-31G(d)+SDD//B97D3/6-
31G(d)+SDD level indicate that the energy difference between an 
aligned stacking structure A and a twist stacking structure B is almost 
negligible (0.5 kcal mol–1). The DFT calculation did not reproduce 
the slipped stacking arrangement in structure C. To determine the 

plausible stacking structure of 3 in solution, we simulated the 1H 
NMR chemical shifts of structures A and B by the GIAO calculations 
at the BHLYP/6-31G(d)//B97D3/6-31G(d)+SDD level of theory 
(Figure S36 and S37). The solvent effect of chloroform was consid-
ered by the PCM model. The calculated chemical shift values of pyr-
role protons range from 7.6 to 8.6 ppm for A and 4.3–5.4 ppm for B. 
These results suggest that a twisted structure B should be dominant 
in solution. 
Because 3 is a mixture of E- and Z-isomers of the linkers, the 1H 
NMR spectra contained many signals. Furthermore, the range of 
temperatures for the curve fitting is limited (263–383 K) due to 
broadening and splitting of signals. Consequently, we only esti-
mated thermodynamic parameters DH and DS roughly. To obtain 
more accurate data, the alkene moieties of 3 were hydrogenated by 
the aid of Crabtree catalyst to afford 9 in 22% yield (Scheme 2).17 
The 1H NMR spectra of 9 were measured in toluene-d8 and CDCl3 
at various temperatures (Figure 9 and Figure S25). The nonlinear 
curve regression analysis of the chemical shift changes of the pyrrole 
protons (temperature range: 213–373 K for toluene-d8 and 273–333 
K for CDCl3) provided DH of –17 kJ mol–1 and DS of –56 J K–1 mol–

1 in toluene-d8 as well as DH of –19 kJ mol–1 and DS of –57 J K–1 mol–

1 in CDCl3 (Table 4 and Figures 10, S28). These values accord with 
those of 3, thus suggesting that the presence of E- and Z-isomers in 
3 does not cause significant errors in evaluation of thermodynamic 
parameters.  
Scheme 2. Hydrogenation of 3. 

 
 

 

Figure 9. Temperature-dependent 1H NMR spectra of 9 in toluene-d8. 
The red squares represent the peaks used for the nonlinear curve regres-
sion analysis. 
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Figure 10. 1H NMR chemical shifts of 9 in toluene-d8 plotted as a func-
tion of temperature. Filled markers represent experimental points. Dash 
curves correspond to chemical shift calculated from the van’t Hoff equa-
tion. 

Figure 11 shows the UV/vis/NIR absorption spectra of norcorrole 
cyclophane 3 and its monomer precursor 5. Monomer 5 shows weak 
and broad absorption tailing to 1000 nm, which is a characteristic 
feature of non-aggregated norcorrole Ni(II) complexes. On the 
other hand, the absorption spectrum of 3 in CH2Cl2 at 293 K exhibits 
a relatively sharp band around 800 nm, which is not present in the 
spectrum of monomer 5. This absorption band became intensified 
upon cooling. The spectral feature of 3 is diagnostic for closely 
stacked norcorrole dimers 1 and 2. The TD-DFT calculations for 
conformer B reproduced the experimental absorption spectrum 
(Figure S34). 
To compare the thermodynamic parameters of 3 with those of 4, the 
temperature-dependent 1H NMR spectra of porphyrin cyclophane 
4 were also measured in toluene-d8 and CDCl3 (Figure S24). Cool-
ing of the solution of 4 resulted in up-field shifts of the signals due to 
the meso- and pyrrole-protons with the maximum displacement of ca. 
0.5 ppm. Similar trends are often observed for the π-stacking of aro-
matic π-systems, which are attributed to the ring current effect in the 
cyclic π-system.18 Curve regression analysis afforded DH of –12 kJ 
mol–1 and DS of –48 J K–1 mol–1 in toluene-d8 as well as DH of –15 kJ 
mol–1 and DS of –75 J K–1 mol–1 in CDCl3 (Table 4 and Figure S27). 
These values afford association constants K293 of 0.38 and 0.05 in tol-
uene-d8 and CDCl3, respectively. The absorption spectrum of por-
phyrin cyclophane 4 at 298 K exhibits the Soret band at 400 nm, 
which was blue-shifted to 393 nm upon cooling to 183 K (Figure 12), 
while porphyrin monomer 6 shows its Soret band at 401 nm. The 
blue-shifted Soret band of 4 suggests the formation of a H-type ag-
gregate, which accords with the crystal structure. This assumption 
has also been supported by the TD-DFT calculations at the CAM-
B3LYP/6-31G(d)+SDD level of theory (Figure S35). 
 
Table 4. Thermodynamic parameters for equilibrium between 
non-stacked and stacked conformations. 

 solvent 
DH 

[kJ mol–1] 
DS 

[J K–1 mol–1] 
K293 

3a toluene-d8 –23 –68 3.7 
3a CDCl3 –22 –59 5.6 
4a toluene-d8 –12 –48 0.38 
4a CDCl3 –15 –75 0.05 
9 toluene-d8 –17 –56 1.5 
9 CDCl3 –19 –57 2.4 

a Because of the presence of isomers, these parameters were roughly 
estimated. 

 

Figure 11. UV/vis absorption spectra of norcorrole cyclophane 3 
and monomer 5 in dichloromethane. 

 

Figure 12. UV/vis absorption spectra of porphyrin cyclophane 4 and 
monomer 6 in dichloromethane. 

The aforementioned studies indicate that stabilization energy asso-
ciated with the π-stacking of norcorrole is larger than or at least com-
parable to that of porphyrin. It should be commented that the stack-
ing structures of 3 and 4 are substantially different: norcorrole cyclo-
phane 3 exhibits shorter stacking distance and larger overlapping 
area between two π-planes. Consequently, 3 should inherently expe-
rience more significant enthalpic penalty than 4 due to the severe ex-
change repulsion in the closely stacking orientation. Nevertheless, 
norcorrole cyclophane 3 demonstrates clear tendency to adopt the 
stacked structure. On the basis of these considerations, we con-
cluded that an inherently large attractive interaction is operating be-
tween two norcorrole units in 3. These assumptions have been sup-
ported by the following energy decomposition analysis. 
Energy decomposition analysis. 
The formation and stabilization of different observed polymorphic 
forms for cyclophane 3 depend on complex electronic interactions 
between the norcorrole units. To understand the roles of different 
intermolecular interactions on the internal stabilization of the cyclo-
phane, we performed DFT-based energy decomposition analyses 
(EDA) of the interacting norcorrole units of structures A, B, and C 
as well as the porphyrin cyclophane 4 at the ωB97X-D/6-31G(d) 
level in Q-Chem.19 EDA quantitatively decomposes the total inter-
action energy of a dimer into chemically meaningful components in-
cluding frozen, polarization, dispersion, and charge transfer 



 

interaction energy. For this analysis, the alkoxy tethers were replaced 
with hydrogens in each crystal structure to reduce computational 
cost while ensuring an unambiguous separation of the cyclophane 
into interacting monomers, which is a requirement of the EDA. 
 

 
Figure 13. Decomposition of the cyclophane interaction energies into 
polarization, dispersion, and charge transfer contributions at the 
ωB97X-D/6-31G(d) level. 

The EDA results, summarized in Figure 13, show that dispersion 
dominates the interaction between the two π-systems in all four 
structures. Among three structures of norcorrole cyclophane 3, 
structure B is the most favorable by a small margin, which is in line 
with experimental observation in solution. The dispersion interac-
tion is stronger for all polymorphs of the stacked norcorroles than 
for porphyrin analog 4. The aligned stacking and short interplanar 
distances in A are consistent with its especially strong dispersion in-
teraction, |Edisp(A)| > |Edisp(B)| ≈ |Edisp(C)| > |Edisp(4)|. It should be 
also noted that A and B experience stronger repulsive interactions 
(frozen) than the slipped conformations in C and 4 because of the 
short stacking distances. The strong exchange repulsion is overrid-
den by the strong dispersion interaction in structure A. Interestingly, 
structures A and B present a similar degree of charge-transfer contri-
bution to the interaction energy despite the difference in the relative 
orientations of their two norcorrole units. In contrast, the slip-stack-
ing norcorrole polymorph, structure C, presents a weaker contribu-
tion from charge-transfer interactions that more closely resembles 
that of 4, which is also slip-stacked: |ECT(A)| ≈ |ECT(B)| > |ECT(C)| 
≈ |ECT(4)|. These considerations based on EDA suggest that there 
are several ways to stabilize the different stacking structures of two 
norcorrole units that appear to be energetically similar, supporting 
the observed polymorphism of 3. In addition, the zipper effect 
among the alkyl tethers, which is not evaluated by the present EDA, 
should also be considered as a contributing factor for the specific 
stacking orientation.  
Mixed-valence states of norcorrole cyclophane 3. The redox be-
haviors of norcorrole cyclophane 3, porphyrin cyclophane 4, norcor-
role monomer 5, and porphyrin monomer 6 were studied by cyclic 
voltammetry (Figure 14). The cyclic voltammograms were obtained 
under the following conditions: solvent: CH2Cl2; supporting 

electrolyte: 0.1 M [Bu4N][PF6]; reference electrode: Ag/AgNO3; 
scan rate: 0.03 V s–1; external reference: ferrocene. 
Norcorrole monomer 5 exhibited reversible oxidation waves at –
0.05, 0.27, and 0.83 V as well as reversible reduction waves at –0.83 
and 1.52 V. The intensities of the first and second oxidation waves 
are almost half of other redox waves. The oxidation potentials of 
meso-dimesitylnorcorrole Ni(II) were 0.30 and 0.78 V. These results 
suggest that one-electron oxidation of 5 induces the formation of a 
mixed-valence dimer, which is attributable to the smaller steric hin-
drance around the meso-positions.20 More clear splitting of the oxi-
dation potentials was observed for norcorrole cyclophane 3, whose 
first and second oxidation potentials are –0.13 and 0.26 V. This po-
tential difference (0.39 V) lies between those of the covalently linked 
mixed-valence systems: bi(2,5-dimethoxy-4-methylphenyl) (0.29 
V) and N,N,N',N'-tetraanisyl-p-phenylenediamine (0.49 V).21 The 
comproportionation constant of 5 was calculated to be 4 × 106.22 
While no splitting was observed for porphyrin monomer 6, porphy-
rin cyclophane 4 exhibited a small splitting between the first and sec-
ond oxidations (0.25 V), which affords a comproportionation con-
stant of 2 × 104. Importantly, this value is much smaller than that of 
norcorrole cyclophane 3 by about two orders of magnitude. These 
results clearly indicate that the interplanar interaction between two 
norcorroles in its mixed valence state is more effective than that be-
tween porphyrins.23 

 

Figure 14. Cyclic voltammograms of 3, 4, 5, and 6. Solvent: CH2Cl2; 
supporting electrolyte: 0.1 M [Bu4N][PF6]; working electrode: Pt; 
counter electrode: Pt; reference electrode: Ag/AgNO3; scan rate: 0.1 V 
s–1. 

CONCLUSIONS 
We have synthesized two cyclophanes consisting of stacking Ni(II) 
norcorrole units and Ni(II) porphyrin units through ruthenium-cat-
alyzed ring closing olefin metathesis of monomer precursors with 
terminal alkene moieties. The norcorrole cyclophane exhibits poly-
morphism affording three solid-state structures: aligned stacking 
(A), twisted stacking (B), and slip stacking (C). For these three 
structures, the aromaticity/antiaromaticity according to structural 



 

and magnetic criteria was evaluated experimentally and theoretically. 
We found that 1) a small twist angle between two stacking norcor-
role units and 2) a short displacement of two π-systems along the 
slipping axis result in distinct three-dimensional aromaticity, which 
is accomplished through effective overlap of molecular orbitals of 
the norcorrole macrocycles. In contrast, stacking of two aromatic 
porphyrins resulted in no significant change in their individual aro-
matic character. We also examined the structures and properties of 
norcorrole and porphyrin cyclophanes in solution. The detailed 1H 
NMR analysis of these cyclophanes revealed the existence of an 
equilibrium between non-stacked and stacked states. The thermo-
dynamic parameters of the stacking equilibrium elucidated inher-
ently larger attractive interactions between two norcorrole macrocy-
cles than those between two porphyrins, which has been corrobo-
rated by energy decomposition analysis. The present findings not 
only offer fundamental insights to understand the nature of stacked 
aromaticity, but also would lead to the design and creation of func-
tional supramolecular architectures constructed by close π–π stack-
ing of antiaromatic Ni(II) norcorrole units in the future. 
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