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Experimental and Theoretical Investigations into the Paratropic Ring
Current of a Porphyrin Sheet

Yasuyuki Nakamura, Naoki Aratani, and Atsuhiro Osuka**

Abstract: Anomalous induced magnet-
ic effects were observed in a directly
fused square-planar porphyrin sheet 1,
in that the protons above the center of
the tetraporphyrin core were character-
istically shifted downfield in the
"H NMR spectrum. These observations
suggest a rare paratropic ring-current
effect around the planar cyclooctatet-
raene (COT) core of 1. To examine the

plexation-induced shifts (CISs) of the
guest molecules as a neat experimental
guide to the distance dependence of
the induced magnetic effects in 1. Nu-
cleus-independent chemical shift
(NICS) values of 1 were calculated by
varying the distance of the probe from
the plane of 1. Whereas a simple bell-
type profile was estimated for the com-
plex (1),-(G1),, the distance profiles of

the CIS became increasingly flat for
(1),-(G2), and (1),-(G3),. Finally, we
investigated the paratropic ring-current
effect just above the COT core of the
complex 1-(G4),, which agrees well
with the theoretically estimated dis-
tance-dependent induced magnetic
effect. Consequently, both experimen-
tal and theoretical studies on the com-
plexes of porphyrin sheets with guest

spatial distribution of the induced mag-
netic effect, face-to-face dimeric com-
plexes of porphyrin sheet 1 with bipyr-
idyl-type guest molecules (G1-G3)
were prepared, which provided com-

Introduction

'HNMR chemical shifts are a fundamentally important
source of information for the complexation of organic mole-
cules and biomolecules in solution.!"! A number of investiga-
tions and several technological improvements have estab-
lished 'H NMR spectroscopy as a standard tool for protein-
structure determination.”¥ The heme ring plays an impor-
tant role in improving the quality of the final structure ob-
tained, as the presence of an aromatic ring causes large
changes in the chemical shifts of nearby residues. This
effect, the so-called “ring current”, is strongly associated
with the aromatic character of a system. The aromaticity of
porphyrins has traditionally been rationalized as a conse-
quence of an 18-;-electron circuit that can be drawn in their
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molecules revealed for the first time a
unique distance dependence of the par-

paratropic atropic ring current.

valence-bond structure.”! The strong magnetic effect of the
aromatic ring current of porphyrins is also useful in coordi-
nation chemistry, in that the '"H NMR signals of the protons
of bound molecules above the porphyrin ring are character-
istically shifted upfield. Coordination of pyridine derivatives
toward zinc(II) porphyrin has frequently been used for the
construction of various functional supramolecular systems,
in which the protons of bound pyridine are largely shield-
ed.F! The distance dependence of such magnetic effects is
quite important for determining the actual placement of a
guest proton with regard to the porphyrin host as well as for
understanding the aromatic electronic properties. Thus, both
experimental and theoretical studies on the distance de-
pendence of magnetic effects have been performed for the
diatropic ring current of porphyrins. Induced magnetic ef-
fects of porphyrins were extensively examined by Abraham
etal. by 'HNMR spectroscopy.”) On the other hand, there
are only a few experimental studies on the paratropic ring
current because of very limited examples of suitable stable
antiaromatic molecules.”

Recently, we reported the synthesis of directly fused
square-planar porphyrin sheet 1 (Scheme 1), which shows
anomalous induced magnetic effects.®! Curiously, the
"H NMR signals of the 1,4-phenylene protons in the 1:2
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Scheme 1. Formation of the complex of 1 and 2, and the complexation-
induced shifts (CISs) in ppm (see text). Ar=3,5-di-tert-butylphenyl.

complex, defined as typeI complex 1-(2),, were shifted
downfield by 3.78 ppm. This anomalous shift was interpreted
in terms of a paratropic ring-current effect around the cyclo-
octatetraene (COT) core of 1, which is forced to be planar
owing to the multiply fused porphyrins.

In this paper, we report the effective formation of type II
(2:4 sandwich) complexes (1),—(G1),, (1),-(G2),, and (1)~
(G3),, as well as a further example of a type I complex, 1-
(G4),, in CDCl, (Scheme 2). Examination of the '"H NMR
spectra of these complexes provided useful information on
the distance dependence of the magnetic effects of 1. These
magnetic effects are also examined theoretically.

Results and Discussion
Synthesis

Porphyrin sheet 1 was prepared from a directly meso,meso-
linked cyclic porphyrin tetramer.®! The inherent poor solu-
bility of 1 was improved by the addition of n-butylamine;
this procedure is quite important for manipulations such as
separation, final purification, and '"H NMR spectroscopy.
Compounds G2 and G3 were synthesized by palladium-cata-
lyzed coupling of (4-pyridyl)boronic acid pinacol ester with
1,4-dibromobenzene and 4,4'-dibromobiphenyl, respective-
1y.’) G4 was synthesized by following the published proce-
dure.

Experimental Studies

The complexation behavior of 1 with G1, G2, and G3 were
examined by 'H NMR spectroscopy.!!! Spectral changes
upon addition of G1 to a solution of 1 in CDCl; are shown
in Figure 1. Precise addition of G1 of up to two equivalents
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Scheme 2. Formation of dimeric complexes, and the CIS values in ppm.
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Figure 1. '"H NMR spectra of 1 (1x1077m) with a) 0, b) 1, ¢) 2, d) 3 equiv-
alents of G1 in CDCI; containing n-butylamine (=8x 10" m).

caused the appearance of a new set of sharp signals at the
expense of those of free 1 (Figure 1a—c), thus indicating the
formation of the 1-G1 complex in a stoichiometric ratio of
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1:2. This stoichiometry of complexation was also confirmed
by the Job plot (see Supporting Information). At the exact
ratio G1/1=2, the spectrum became simple (Figure 1c); the
compound here was assigned as the 2:4 face-to-face type II
complex (1),~(G1), on the basis of its high symmetry (D,;)
and the signal-intensity ratios (Scheme 2).

For the assignment of the 'HNMR spectrum of (1)
(G1),, partially a-deuterated 4,4'-bipyridyl ([D,]G1; ~50%)
was prepared and complexed with 1 (see Supporting Infor-
mation).!'? The '"H NMR chemical shifts of (1)~([D,]G1),
are identical to those of (1),—(G1),, thus indicating the for-
mation of the same face-to-face dimeric complex. Compari-
son of the signal intensities of the pyridyl protons in these
two complexes revealed that the peaks at 8.93 and 8.13 ppm
are due to the a and 8 protons, respectively. All the signals
were thus assigned as shown in Figure 1.

The observed simple peaks for guest protons indicate that
the bipyridine-type guest molecules undergo free rotation
within the complexes even at —60°C, as confirmed by varia-
ble-temperature NMR spectroscopy. Notably, the signals of
the para protons of the meso-aryl group of 1 in CDCl; were
hidden by a solvent peak. Therefore, to confirm the signals
of para-aryl protons, [D,]tetrachloroethane was used for
'"H NMR spectroscopy (see Supporting Information). Al-
though the signals of the pyrrole § protons of the porphyrin
sheet were now unfortunately covered by a solvent peak,
the signals of the para-aryl protons were observed.™ All
the peak assignments were performed with 2D NMR spec-
troscopy. In accord with this assignment, the signals of the
ortho protons of the meso-aryl groups were observed as split
signals, which reflects their different locations, either inside
or outside the complex (1),—~(G1),; this proved its sandwich
conformation. Further addition of G1 led to the appearance
of a set of signals due to free G1 (Figure 1d), and any disso-
ciation of (1),—(G1), was not detected even after addition of
another 10 equivalents of G1. Here, the peaks for free G1
appeared at 8.74 and 7.54 ppm, thus confirming the apparent
downfield shifts of the pyridyl protons of the bound GI1.
During these titration experiments, no other peaks due to
partially bound species were detected, which indicates that
the binding of G1 with 1 is strongly allosteric, and the for-
mation of the complex (1),-(G1), is an all-or-nothing pro-
cess.['Y

Similar binding experiments with elongated guest mole-
cules G2 and G3 showed similar 2:4 complexation behavior,
although the binding of G3 to 1 was weaker and in competi-
tion with n-butylamine.'™! Precise addition of 2 equivalents
of G2 also caused the appearance of a new set of sharp sig-
nals, which was assigned to the 2:4 face-to-face complex
(1),-(G2), for the same reason as for (1),-(G1), (Scheme 1).
Assignments of the guest signals in (1),~(G2), and (1)~
(G3), were performed on the basis of the 2D 'H-'H
NOESY spectrum, which revealed the correlation between
the pyridyl B protons (HF) and the 1,4-phenylene protons
(H") (Figures 2 and 3). The peaks for bound G2 appeared at
8.77 (H%), 8.20 (HY), and 8.03 ppm (HP), whereas those for
free G2 appeared at 8.71 (H*), 7.78 (HY), and 7.56 ppm
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Figure 2. '"H NMR spectra of 1 (1 x107"m) with a) 0, b) 2, and c) 4 equiva-
lents of G2 in CDCI, containing n-butylamine (~8x 107 m).
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Figure 3. 'HNMR spectrum of 1 with an excess of G3 in CDCl,.
Impurities are indicated by *.

(HP). The peaks for bound G3 appeared at 8.69 (H*), 8.08
(HY), 8.04 (H°), and 7.95 ppm (HP), whereas those for free
G3 appeared at 8.70 (H%), 7.77 (H' and H°), and 7.57 ppm
(H).

The guest molecules G1-G3 are linear and thus pertinent
for the examination of distance (vertical) dependence of the
induced magnetic effects of 1. In these complexes, we have
to consider the magnetic influences of the two porphyrin
sheets, because the guest molecules are sandwiched between
them.

Changes in chemical shift arising from guest binding, that
is, complexation-induced shifts (CIS; Ad=pouna—Oree), have
been extensively used to assign structures in solution quali-
tatively.'®! The use of CIS values simplifies the problem be-
cause through-bond effects are eliminated. The CIS values
of G1-G3 are given in Scheme 2. The CIS values of the pyr-
idyl protons of the guest molecules are quite different from
the general upfield shifts of pyridine bound to zinc porphy-
rins (A0~ —6.0 ppm for a protons, Ad=—1.8 ppm for 3 pro-
tons).+17

Notably, the CIS values for the pyridyl o protons de-
creased in the order G1 (4+0.23)>G2 (+0.07)>G3
(0.00 ppm). Given that the magnetic influence of the proxi-
mal porphyrin sheet toward the pyridyl a protons, which
possibly includes the shielding effect of the local porphyrin
moiety and the deshielding effect of the overall porphyrin
sheet, are the same in the series, the observed systematic
changes in the CIS values imply the differing magnetic influ-
ence of the remote porphyrin sheet. In other words, the de-
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shielding influence of the remote porphyrin sheet decreases
in the order G1>G2>G3. Another important observation
is that the pyridyl f§ protons exhibited the largest downfield
shifts in these three complexes, and such downfield shifts
are attenuated for the y and & protons. It is therefore inter-
esting that the distance profile of the CIS value has a saddle
point in these face-to-face complexes.

Furthermore, we investigated the paratropic ring-current
effect just above the COT core by using G4 to make a
type I complex. The distance between the two nitrogen
atoms of the pyridine moiety of G4 was estimated to match
the distance between the diagonal zinc(II) ions in 1 well.
The complex of 1 with G4 was prepared by using a similar
procedure to the preparation of 1-(2),. An excess of G4 was
added to a solution of 1 in CHCI; followed by dilution of
the solution with acetonitrile. The resulting solution was
slowly evaporated to form the precipitate of the complex.
Although the '"H NMR spectrum of 1 with G4 in CDCl, at
room temperature (20°C) showed the formation of the com-
plex, as indicated by the disappearing of the original peaks
of 1, the signals of G4 were hardly observed. Clear signals
of both 1 and G4 in the complex were obtained in the NMR
spectrum at —25°C, and the stoichiometry of the complex
was determined by signal-intensity ratios to be 1:2, thus indi-
cating the complex 1-(G4), (Scheme 3). The assignment of

{H®+026 H® +0.3¢ HY 4060 |
PH® +0.51 H® +0.11 j
iH®+3.17 H' -046 :

Scheme 3. Formation of the complex of 1 and G4, and the CIS values in
ppm.

the signals shown in Figure 4 was performed on the basis of
the 2D COSY spectrum. The signals of the phenylene pro-
tons of bound G4 appeared at 7.40 (H?), 7.54 (H®), and
7.75 ppm (HS), and those of the pyridyl protons were ob-
served at 8.17 (HY), 7.44 (H®), 8.11 (H"), and 9.46 ppm (H®).

Complex 1-(G4), gives us useful information about the
ring-current effect, because the protons in G4 are located in
the wide area above the porphyrin sheet. The respective
negative and positive CIS values of the pyridyl protons H'
and H?® indicate that the induced magnetic field far from the
COT core is diatropic, whereas that near it is paratropic.
The opposite signs of the CIS values for H® and H' indicate
that the induced magnetic effect above the zinc atom
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Figure 4. '"H NMR spectra of 1-(G4), in CDCl, at —25°C. a) Low-field
region. b) High-field region.

changes from an upfield to a downfield shift with distance
from the plane. The order of CIS of the central phenylene
protons of G4 is H® (+3.17) > H" (4+0.51) > H?* (4-0.26 ppm),
which corresponds to the order of the distances of these pro-
tons from the plane of 1.

Theoretical Studies

In the previous report, we showed that 1 exhibits a deshield-
ing magnetic effect above the COT core, but that the local
porphyrin subunits retain a weak shielding effect.®! As a
consequence of these opposing effects, small upfield shifts
were observed above the zinc(II) porphyrin moieties in 1.
The present observations may be accounted for in terms of
the following induced-magnetic-field model: 1) the magnetic
field above the zinc(II) ion is diatropic where the paratropic
magnetic effects due to the COT core is weak; 2) a weaker
diatropic magnetic effect for the bound pyridyl a protons is
expected because of free rotation of the bipyridyl-type guest
molecules in the complex, by which the pyridyl o protons
experience paratropic magnetic effects due to the COT
core; 3) with an increase in the distance from the plane, the
diatropic magnetic field of the porphyrin subunit is de-
creased and is overwhelmed at a certain point by the para-
tropic magnetic field of the COT core; 4) a further increase
in the distance causes a decrease in the paratropic field; and
5) the shielding and deshielding magnetic influences of the
two porphyrin sheets in 1 behave independently.

First, we calculated the distance dependence of the nu-
cleus-independent chemical shift (NICS) values of mono-
meric 1 to gain insight into the magnetic field above the por-
phyrin sheet."! Meso-unsubstituted (meso-H) porphyrin
sheet 1H was used for geometry optimization and NMR cal-
culations. The optimized structure obtained was completely
planar. The NICS probes (Bq atoms) were placed above the
geometric center of the COT core and at selected points
(above the zinc atoms and above eight points along the
zinc-ion-centered circle of radius 2 A, as the bipyridine-type
guest molecules undergo free rotation within the complexes,
and the distance between its central molecular axis and the
hydrogen atoms are estimated to be about 2 A) at distances
ranging from 0.0 (i.e., in the molecular plane) to 20.0 A at
0.5-A steps along the line perpendicular to the molecular
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along the circle was placed on the Zn—-COT center line (this point is defined as point-0), and the other points
are placed in a clockwise manner at 45° steps from this point (point-45 to point-315).

plane (Scheme 4).) As shown in a previous report of the
distance-dependent NICS plot of cyclobutadiene,'™ a typi-
cal antiaromatic molecule, the NICS at the center of the
COT core decreases monotonously with increasing distance
(Figure 5). In the complex 1-(G4),, H* and H® are above the
geometric center of the COT core, and the distances of H*

704
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Figure 5. Plot of NICS values up to 20 A from the geometric center of
COT.

and H° to the plane of 1 were estimated to be 9.8 and 4.8 A,
respectively. The CIS values of these protons (H*=0.26,
H°=3.17 ppm) coincide with the calculated NICS values
(0.41-0.35 ppm for 9.5-10-A and 4.2-3.1 ppm for 4.5-5-A
distances).

Figure 6 a shows the difference in NICS among the points
along the circle. The points along the zinc-ion-centered
circle are shown in Scheme 4. At points close to the COT
core, such as point-0, -45, and -315, the magnetic effect is
almost wholly (distance >3 A) deshielding, and the maxi-
mum positive NICS is at 4-6 A. On the other hand, at
points far from COT, such as point-135, -180, and -225, the
NICS is negative throughout the varying distances. These re-
sults indicate that the deshielding magnetic effect is predom-
inant in the region close to the central COT but weak away
from it. Although the reason for the positive CIS for H® is
not clear at this time, these results agree well with the exper-
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the points along the circle
(NICS,;) are very similar. The
NICS,; value is negative close
to the plane of the porphyrin
sheet and increases steeply to
reach the largest value of about
0.09 ppm at 7.5 A; it then de-
creases gradually with increas-
ing separation from the plane.
Next, we estimated the mag-
netic influences that the bound
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Figure 6. Plots of NICS values a) at the points on the dotted circle in
Scheme 4: @ =point-0, O =point-45, A =point-90, A =point-135, [J=
point-180 (the values at point-225, -270, and -315 were the same as those
at point-135, -90, and -45, respectively), b) at the zinc atom, and c) aver-
aged among the eight points on the circle.
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guest molecule experiences within the 2:4 complexes by set-
ting the separations between the porphyrin sheets as 11.5 A
for (1),~(G1),, 16.0 A for (1),~(G2),, and 20.5 A for (1)-
(G3),, in which the distances are based on the calculated
molecular length of the guest molecules and general N-Zn
distances in pyridine—Zn" porphyrin complexes.

The distance profiles of the NICS values thus estimated
are shown in Figure 7b—d. Whereas a simple bell-type pro-
file was estimated for the complex (1),—(Gl),, the peak
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Figure 7. a) Face-to-face dimer model. b—d) Plots of NICS, values of di-
meric 1 at a separation of 11.5 (b), 16.0 (c), and 20.5 A (d) from COT.
Experimental CIS values of (1),-(G1),, (1),~(G2),, and (1),-(G3), are
plotted in b), ¢), and d), respectively. O =NICS,;;, @ =CIS.

shape of the distance profiles gradually became flat for (1),—
(G2), and (1),-(G3),. The present model explains the ob-
served larger deshielding influence at the pyridyl  protons
relative to that of the pyridyl a protons, but contradicts the
smaller deshielding influence at the pyridyl y protons rela-
tive to that of the pyridyl  protons. At present, we believe
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that these discrepancies between the distance dependence of
the observed CIS and calculated NICS values derive from
the dynamic motion and the deformation of the complexes.
The calculated structures were completely flat and the two
porphyrin sheets overlapped perfectly, whereas, in reality,
the coordination of pyridyl ligands to zinc atoms deforms
the porphyrin sheet, and the two sheets can sway along with
four bipyridyl guest molecules in solution. This may cause
the '"H NMR signals of the pyridyl protons to be shifted
downfield.

Conclusions

The distance dependence of the induced magnetic effect is
becoming more important in understanding the ring current
of conjugated aromatic and antiaromatic circuits.?”! In this
respect, the porphyrin sheet 1 is an intriguing host that ex-
hibits both deshielding and shielding magnetic influences
with different magnitudes and distance profiles. Thus, the
use of pyridine-based guest molecules of various shapes and
molecular lengths provides a rare opportunity for the exami-
nation of the spatial dependence of the induced magnetic
effect.

Experimental Section

General Procedures

All reagents and solvents were of commercial reagent grade and were
used without further purification. 'H NMR spectra were recorded on a
JEOL ECA-delta-600 spectrometer at room temperature unless other-
wise noted, and chemical shifts are reported in ppm relative to CHCl;
(0=7.26 ppm) or tetrachloroethane (6=5.91 ppm). Preparative separa-
tions were performed by silica-gel column chromatography (Wako gel C-
300) under gravity. All calculations were performed with the Gaussian 03
program.!! Meso-unsubstituted (meso-H) porphyrin sheet 1H was used
for geometry optimization and NMR calculations. Geometries were opti-
mized by using the B3LYP DFT method with the LANL2DZ basis set
for the zinc atom and the 6-31G* basis set for the other atoms (denoted
as 631LAN) without any symmetry restriction.”” NICS values were com-
puted at the GIAO-B3LYP/631LAN//B3LYP/631LAN level.

Syntheses

G2 and G3: 1,4-Di(4-pyridyl)benzene (G2) and 4,4'-di(4-pyridyl)biphenyl
(G3) were synthesized by palladium-catalyzed coupling of (4-pyridyl)bo-
ronic acid pinacol ester with 1,4-dibromobenzene and 4,4’-dibromobi-
phenyl, respectively. G2: "H NMR (CDCl;): 6=38.71 (d, J=5.1 Hz, 4H,
py), 7.78 (s, 4H, Ph), 7.56 ppm (d, /=53 Hz, 4H, py). G3: 'HNMR
(CDCLy): 0=8.70 (d, J=6 Hz, 4H, py), 7.78-7.76 (m, 8H, Ph), 7.57 ppm
(d, J=5.9 Hz, 4H, py).

G4: 1,3-Bis(4-pyridylethynyl)benzene (G4) was synthesized by following
the published procedure. 'H NMR (CDCl;, —25°C) 6=8.77 (s, 2H, py),
8.57 (d, J=4.8 Hz, 2H, py), 7.83 (d, /=79 Hz, 2H, py), 7.75 (s, 1 H, Ph),
7.54 (d, J=4.6 Hz, 2H, Ph), 7.40 (t, J=7.7 Hz, 1H, Ph), 7.35-7.31 (m,
2H, py).

Complexation Experiments

For G1 and G2, a solution of guest (1x107m) in CDCl; or
[D,]tetrachloroethane containing n-butylamine (~8x107"m) was added
stepwise to a solution of 1 (1x107"m, 0.5 mL) in the same deuterated sol-
vent. For G3, a solution of G3 in CHCI, was added to a solution of 1 (5x
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107*m) in CHCl; and butylamine (~4x10~"m, 1 mL). The solvent was
then evaporated, and CDCIl; was added to the residue. The complexation
procedure for G4 is described in the text.

(1),~(G1),: 'HNMR (CDCl,): =898 (s, 16H, G1), 8.13 (s, 16H, G1),
7.11 (s, 16H, 1-Ar), 6.79 (s, 16H, 1-Ar), 6.04 (s, 16 H, 1-p), 5.99 (s, 16H,
1-B), 1.24 (s, 144H, 1-tBu), 1.11ppm (s, 144H, 1-tBu); 'HNMR
([D,]tetrachloroethane): 6=9.01 (s, 16H, G1), 8.19 (s, 16 H, G1), 7.17 (s,
16H, 1-Ar), 7.00 (s, 16H, 1-Ar), 6.71 (s, 16H, 1-Ar), 1.17 (s, 144H, 1-
tBu), 1.14 ppm (s, 144H, 1-rBu) ppm. The 1-p-Ar peak in CDCl; and 1-f
peaks in [D,]tetrachloroethane were hidden by the large solvent peak.
(1),~(G2),: 'HNMR (CDCly): 6=8.77 (s, 16H, G2), 8.20 (s, 16H, G2),
8.03 (s, 16H, G2), 7.10 (s, 16H, 1-Ar), 6.81 (s, 16 H, 1-Ar), 6.04 (s, 16H,
1-B), 5.97 (s, 16H, 1-p), 1.25 (s, 144H, 1-tBu), 1.15 ppm (s, 144H, 1-rBu).
(1),~(G3),: 'HNMR (CDCl;): 6=8.69 (s, 16H, G3), 8.08 (d, J=7.2 Hz,
16H, G3), 8.04 (d, J=7.6 Hz, 16H, G3), 7.95 (s, 16H, G3), 7.11 (s, 16H,
1-Ar), 6.84 (s, 16H, 1-Ar), 6.06 (s, 16H, 1-8), 5.99 (s, 16H, 1-B), 1.25 (s,
144H, 1-1Bu), 1.17 ppm (s, 144H, 1-tBu).

1-(G4),: 'HNMR (CDCl;, —25°C): 6=10.92 (s, 2H, G4), 9.46 (s, 4H,
G4), 8.17 (d, J=7.8 Hz, 4H, G4), 8.11 (d, /=3.7Hz, 4H, G4), 8.05 (d,
J=9.2Hz, 4H, G4), 7.76 (t, J=7.8 Hz, 2H, G4), 7.45-7.42 (m, 4H, G4),
7.22 (s, 8H, 1-Ar), 6.92 (s, 8H, 1-Ar), 6.87 (s, 8H, 1-Ar), 5.95 (s, 8H, 1-
B), 5.93 (s, 8H, 1-p), 1.17 (s, 144 H, 1-1Bu), 1.13 ppm (s, 144 H, 1-rBu).
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