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Efficient Regiospecific Conjugated Ring Fusion in N-Confused Porphyrin
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Acid-catalyzed exocyclic ring formation in meso-tet-
rakis(3',5'-dimethoxyphenyl)-2-aza-21-carbaporphyrin takes
place regioselectively between the external carbon atom of
the confused pyrrole and the ortho-carbon atom of the adja-
cent meso-aryl group. The ring fusion strongly alters the
spectroscopic properties of the macrocycle, but its aromatic-
ity is preserved, as shown by NMR spectroscopy as well as
DFT calculations. A tendency to self-associate is observed for

partially protonated and nickel(Il)-metalated systems. A
novel silver(I)-bridged dimer is formed in the reaction of the
fused carbaporphyrin with AgBF,. Cyclic voltammetry stud-
ies of this system indicate an interaction between the sub-
units.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Modification of porphyrin by fusion of an additional
ring onto the macrocycle’s perimeter can lead to a profound
alteration of its optical, coordination, or redox properties.
It is particularly efficient when the m-bonding systems of
the macrocyclic and external rings are conjugated. Several
synthetic routes from porphyrin to its derivatives bearing a
fused ring have been developed.l'! The exocyclic ring can be
fused to pyrrole alone or link the B-pyrrole and the meso-
aryl substituents.”” The fusion of several porphyrin subunits
has also been exploited for the efficient synthesis of por-
phyrin arrays.”! In the case of the porphyrin isomer, N-con-
fused porphyrin (NCP),*3 derivatives containing ad-
ditional rings have been obtained by taking advantage of
the peculiar reactivity of the confused pyrrole.[>! Inversion
of the confused pyrrole leads to the formation of an N-
fused porphyrin, which has been recently reported as an
intermediate in the synthesis of several derivatives of
NCPI'T Some of the fused systems remain aromatic,
whereas in others either the macrocyclic conjugation path
is interrupted™ or the oxidation state prevents the occur-
rence of a diatropic current.l'' In all the NCP derivatives
containing a fused ring that have been reported to date,
either the internal or external nitrogen atom is involved in
the fusion. In this paper we report the synthesis and charac-
terization of the first example of an NCP bearing a fused
ring formed on the macrocyclic perimeter that involves only
carbon atoms. This type of modification should retain both
internal and external donor sites of the macrocycle, and
thus the basic and coordination properties of the fused sys-
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tem are also of interest as well as the alteration of the spec-
troscopic properties of the macrocycle introduced by the
external ring fusion.

Results and Discussion

Protonation of the external and internal nitrogen atoms
of NCP has been shown to result in a distinct reactivity
of the “external” carbon atom C-3 of the confused pyrrole
leading to C-C bond formation with C-3 of another NCP
molecule!'? or with an a-carbon atom of free pyrrole.['’]
The activation of this reaction site by an acid can be inter-
preted as increasing the electrophilic character of C-3.
Clearly, the C—C bond formation requires the presence of
an accessible nucleophilic carbon atom. The presence of an
oxidant (air or quinone derivative) is necessary to quench
the equilibrium of the reversible C—C bond formation by
the dehydrogenation of both bond-forming carbon atoms.

We decided to apply this approach in our efforts to mod-
ify NCP by fusion of the adjacent meso-aryl ring. To in-
crease the nucleophilic character of the ortho-carbon atoms
of the aryl substituent in the 5-position of the porphyrin
ring, electron-donating substituents were introduced. In all
but one system, the only product of the reaction after 48 h
of reflux was the dimeric NCP 3 (Scheme 1),['?l which was
formed in a yield of 5-70%, depending on the substituent.
Only the reaction of 5,10,15,20-tetrakis(3’,5'-dimeth-
oxyphenyl)-2-aza-21-carbaporphyrin {1-[3",5'-(OMe),]} in
a toluene solution acidified with trifluoroacetic acid (TFA)
in the presence of atmospheric oxygen under reflux resulted
after about 5 h in the formation of a red product in a yield
of 70% identified as C-fused NCP 2 (Scheme 1). After chro-
matographic workup, the compound was characterized by
standard methods, including homo- and heteronuclear 1D
and 2D NMR techniques, allowing full assignment of all
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NMR signals. The molecular mass of 2 (m/z = 853) is two
units smaller than that of the parent porphyrin 1-[3',5'-
(OMe),], which indicates the loss of two hydrogen atoms,
in line with the structure of the product. No dimeric por-
phyrin formation was observed for this system.
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Ar = 3'5'-(MeO),-CgHs
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Scheme 1. Alternative reaction paths of NCP under acidic condi-
tions.

The conversion of NCP 1-[3',5'-(OMe),] into its C-fused
derivative 2 was carried out under the conditions of acid-
catalyzed condensation, which otherwise results in the di-
mer (NCP), (3; Scheme 1).1'?l To rationalize the factors de-
termining the reaction path, we estimated the charge distri-
bution among the atoms in the free base and dicationic
forms of the DFT-optimized structures of tetrakis(p-tolyl)-
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and tetrakis(3’,5’-dimethoxyphenyl)-NCP.I'Y1 The natural
population analysis (NPA) approach applied to these mod-
els indicates that protonation of the external and internal
nitrogen atoms decreases the electron density on the 3-CH
fragment in both macrocycles, which is reflected by the in-
crease in the partial charge on this site from +0.205 in the
free bases to +0.341 in the dicationic forms. The predicted
decrease in the electron density makes this site more suscep-
tible to the reaction with nucleophiles. The partial charge
on the 0-CH group of the aryl substituents in the 5-position
is not considerably altered by the protonation, but it de-
pends on the ring substitution. For 1-(p-Tol) the average
sum of the charges on the carbon atoms and protons in
both the ortho positions is —0.009 in the neutral form and
—0.001 in the dicationic form, whereas for 1-[3",5"-(OMe),]
the charges are —0.060 and —0.063, respectively. The signifi-
cantly higher electron density on these sites seems to be
responsible for the different reactivity of 1-[3",5'-(OMe),].
It appears that the ortho-carbon atoms of the aryl group in
the meso 5-position [i.e., carbon atoms C-5(2") and C-5(6")]
are sufficiently activated towards interaction with the elec-
trophilic carbon atom at the 3-position only in the case of
the system with two electron-donating methoxy substituents
in the ortho and para positions with respect to the potential
reaction sites.

The 'H NMR spectrum of the macrocyclic ring of 2
(CDCls, 213 K, Figure 1A) consists of six signals of B-pyr-
role protons in the region of 6 = 7.6-8.2 ppm, two NH sig-
nals (0 = 1.93 and 2.26 ppm) assigned on the basis of iso-
topic substitution by D»O and correlation with appropriate
pyrrole protons in a COSY experiment, and the 21-H signal
at 0 = —0.66 ppm. Importantly, no signal from the proton
at the 3-position, that is, that attached to the external car-
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Figure 1. "H NMR spectra (500 MHz, CDCl;, 213 K) of 2 (trace A) and [(2),H]" (trace B, recorded upon addition of 0.7 equiv. of TFA;
the weak signals of the coexisting monocation [2H]* are marked with asterisks). The signal assignments follow the numbering given in
Scheme 1. The inset A’ contains low-field fragments of the spectrum of 2 recorded in [D];DMF at 213 K. The selected signals of the

minor tautomer 2a are marked with the symbol *.
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Scheme 2. Resonance structures of 2.

bon atom of the confused pyrrole of NCP, can be observed
in the spectrum of 2. The doublets at § = 6.96, 7.03, and
7.21 ppm are due to three pairs of equivalent ortho protons
of the 3',5'-dimethoxyphenyl substituents in the meso 10-,
15-, and 20-positions, and the three triplets at 6 = 6.71,
6.69, and 6.67 ppm are the signals of the corresponding
para protons. The ortho and para protons of the aryl group
in the 5-position, that is, the ring fused to the macrocycle,
appear as doublets at § = 6.73 and 5.82 ppm. The upfield
shift of these signals reflects changes in the electron density
distribution among the carbon atoms in the six-membered
ring and a reduction of the aromatic ring current caused by
fusion. Also, the aromaticity of the macrocyclic ring is af-
fected by the formation of the additional ring, as can be
inferred on the basis of the upfield shift of the B-pyrrole
protons (by about 1 ppm) and the downfield shift of the
internal NH an CH protons (by more than 4 ppm) with
respect to the parent NCP.

The effective inclusion of six or two additional & elec-
trons into the delocalization path in 2, schematically repre-
sented by the canonic forms B and C in Scheme 2, should
result in 24 or 20 m-electron conjugated systems and a para-
tropic ring current, yet the compound remains aromatic, as
can be inferred from the NMR spectra. This is in accord
with the aromaticity index NICS (-8.17) as well as the pro-
ton and carbon chemical shifts (Figure 2) calculated for the
DFT-optimized structure of 2 (Figure 3) at the B3LYP/6-
31G** level of theory,'¥ which indicates the presence of
diatropic current in the macrocyclic ring.

The optical spectrum of 2 (Figure 4) is markedly dif-
ferent to those of 1 and its 2-substituted derivatives.[*!3]
The split Soret band may reflect the contribution of the
fused rings to the aromatic system of the macrocycle. Sim-
ilar splitting has been observed previously for N-fused por-
phyrinl® and isoquinolinocarbaporphyrin.®! Less pro-
nounced effects of this type have been reported for 3-(2'-
pyrrole)-substituted NCPI'3! or for the dimer 3.1122

Fusion introduces several alterations with respect to the
starting NCP. One is the less effective tautomerization in
polar solvents to the form 2a (Scheme 3).['% Thus, unlike in
the case of 1, the electronic spectra of 2 in dichloromethane
or DMF are very similar, which suggests a lack of proton
transfer from the porphyrin core to its perimeter. On the
other hand, a close inspection of the '"H NMR spectrum of
2 in [D;]DMF reveals the presence of a certain amount
(about 20%) of a less aromatic tautomer with a signal at ¢
3932
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Figure 2. Correlation diagrams of calculated and experimental
(CDCls, 298 K) values of 'H (top) and '*C (bottom) chemical shifts
of 2.

= 12.1 ppm (213 K) due to the presence of a proton on the
external nitrogen atom N-2 (Figure 1A’). The weak signals
from other protons of 2a can be identified by chemical ex-
change correlations with the corresponding protons of the
main component observed in the ROESY map at room
temperature (see the Supporting Information).

Also, protonation of 2 (Scheme 4) proceeds with a dif-
ferent pattern to that of 1.1 The '"H NMR titration of 2
with TFA at a low temperature (CDCls, 213 K) reveals the
formation of a dimer [(2),H]* with the subunits linked by
a hydrogen bond between external nitrogen atoms that is
symmetric on the NMR timescale (Figure 1B). The dimer
dominates in solutions containing 0.3-1 equiv. of the acid,
but is also present at higher TFA concentrations coexisting
with the mono- and dicationic forms [2H]* and [2H,]**.
The 'H NMR spectrum of [(2),H]* exhibits features typical
of B-B linked bis(tetraarylporphyrins).l'>!71 That includes a
strong high-field shift of signals of protons located in the
vicinity of the bridge, that is, one of the ortho protons of
the aryl group at the meso 20-position, the corresponding
para proton, and one methoxy group of the substituent in
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Figure 3. Two projections of the DFT-optimized structure of 2.

Figure 4. Optical spectra of dichloromethane solutions of 1 (dashed
line), 2 (solid line), its monocation (dotted line), and the dication
(dash-dot line).

MeO,

Al Ar

2

Scheme 3. Tautomeric equilibrium of 2 in DMFE.

the 20-position. These effects are caused by a shielding ef-
fect of the aromatic ring current of the neighboring subunit.
Unlike in the free base or higher protonated forms, for
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which five methoxy resonances are observed owing to the
effectively planar structure of the macrocycle, in the case of
[(2),H]" there are eight signals from the methoxy groups.
Differentiation of the chemical shifts of all the methoxy
substituents reflects a nonplanar structure of the adduct. A
strongly downfield-shifted position of the 2-NH signal (6 =
14.2 ppm) indicates involvement of this proton in a hydro-
gen bond, whereas the relative integral peak intensity (1:2
with respect to 21-H or 7-H) reveals the unique character
of the bridging proton.

The through-space interaction between the “internal”
protons (21-H, 22-H, 24-H) and the methoxy or aryl pro-
tons of the substituent at the 20-position observed in the
NOESY and ROESY spectra of [(2),H]" are in line with
a dimeric structure. The DFT (B3LYP/6-31G**)-optimized
structure (Figure 5) presents an arrangement of the sub-
units in [(2),H]* in which this kind of interprotonic interac-
tion can be effective.l'¥ Also the proton chemical shifts cal-
culated for this model reflect the shielding effect of aromatic
current on the resonances of the substituent at the 20-posi-
tion as well as the involvement of 2-NH in the hydrogen
bond between the subunits (see the Supporting Information
for details). Significantly, a positive-ion ESI TOF mass
spectrum of the acidified solution of 2 includes a peak at
m/z = 1706, which indicates the presence of a dimer. No
such dimerization can be observed upon protonation of the
parent porphyrin 1-[3',5'-(OMe),], from which the impor-
tance of fusion in the association can be inferred.

The spectrophotometric titration of 2 with TFA at room
temperature reveals, however, the formation of only two
protonated species in solution (Figure 4), which may be a
result of the similarity of the spectral responses of the
monocation and its hydrogen-bonded associate with the
free base.

Insertion of the nickel(II) ion into the macrocycle 2 re-
quires harsher conditions than is the case with unaltered
NCP or its N-substituted derivatives.[*!>18 The nickel com-
plex 4 was obtained after heating a toluene/ethanol solution
of 2 with an excess of nickel(Il) acetate under nitrogen at
reflux for 12 h (Scheme 3). The purple-red air-stable dia-
magnetic and neutral complex was separated on a column
of silica gel and characterized by mass spectrometry, UV/
Vis spectrophotometry, and NMR spectroscopy. The 'H
NMR spectrum of 4 (Figure 6, CDCls, 298 K) indicates de-
protonation of the internal nitrogen atoms and C-21 and
the presence of a proton on the external nitrogen atom N-
2, as in the case of the nickel(Il) complex of NCP.* How-
ever, in the case of 4 only residual macrocyclic aromaticity
can be observed with the signals of the B-pyrrole protons
in the region of 6 = 6.95-7.35 ppm. Also, the signal of 2-H
at 0 = 7.6 ppm is shifted by about 2.5 ppm upfield with
respect to its position observed for NCP nickel(I) com-
plexes.

The ESI TOF mass spectrum of 4 indicates the presence
of a molecular ion of m/z = 908.3, in line with the composi-
tion of the compound; however, it also exhibits other sig-
nals representing various associate molecules. These include
strong peaks of the monocationic dimer at m/z = 1818.5, a
3933

WWW.eurjoc.org



FULL PAPER

P. J. Chmielewski, J. Maciotek, L. Szterenberg

MeO,

.8
Ar, ™

Af Ar

2

Figure 5. DFT-optimized structure of [(2),H]" presenting an over-
lap of the subunits and hydrogen-bond formation (dotted line).

trimer at m/z = 2728, a dicationic pentamer at m/z = 2273,
and traces of a tricationic octamer at m/z = 2425. We be-
lieve that association is responsible for the slow precipi-
tation of 4 from solution in dichloromethane or chloro-
form, which takes place at room temperature at concentra-
tions even as low as 0.02 M. For the CDClj; solutions there
is a distinct concentration dependence of the NMR chemi-
cal shifts of the ortho and para 5-aryl protons and the 5(3')-
and 5(5')-methoxy protons (Figure 6). The positions of the
other peaks in the '"H NMR spectrum of 4 either do not
vary with concentration or the dependence of their chemi-
cal shifts is much weaker (protons 7-H and 8-H). The selec-
tivity of the dependence as well as the upfield shift of the
signals with increasing concentration suggest that the inter-
molecular contacts occur in the region of the fused rings.
Assuming the formation of the dimer (4), in the first stage
of the association we estimate the equilibrium constant for
the dimerization as 6(1) M~ at 298 K on the basis of a non-
3934
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Figure 6. 'H NMR spectrum and signal assignments for 4
(600 MHz, CDClj;, 298 K). The insets show the concentration de-
pendence of the chemical shift of the four proton groups. The solid
curves were calculated on the basis of a least-squares analysis of the
experimental data, assuming the formation of a dimeric assembly.

linear least-squares analysis of the experimental data. In the
total concentration range of 4 (0.002-0.024 M) the molar
ratio of the associate varies from 0.01 to about 0.1.

In the case of porphyrin 1 and many of its derivatives,
the reaction with silver(I) salts carried out under mild con-
ditions yields stable organometallic diamagnetic silver(I11)
complexes with the metal ion inserted into a fully deproton-
ated macrocyclic cavity.[®120:12¢.18.191 Qur attempt at silver
insertion into 2 by using silver(I) acetate or trifluoroacetate
in various solvents resulted in several ill-defined nonaro-
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matic products. On the other hand, mixing of a chloroform
solution of 2 with solid AgBF, yields, after deacidification
with water, an orange-red product that can be identified as
complex 5 (Scheme 5) and consists of two subunits linked
by the coordination of a silver(I) ion.

Ni(AcO),

—_—
toluene/EtOH
reflux, N,

AgBF;\CHCI; rt. 4
Ar = 3,5-(MeO),-CgH,

55

Scheme 5. Metalation of 2 with nickel(IT) and silver(I).

The formulation of product 5 as a bis(porphyrin)silver(T)
complex relied on mass spectrometry, multinuclear NMR,
and UV/Vis data. The ESI TOF mass spectrum of 5 con-
sists of a signal at m/z = 1813.5, which reflects the presence
of a positively charged complex containing two unaltered
units of 2 and one silver ion. This is in line with the 'H
NMR spectrum of 5, which displays the full set of signals
expected for 2 (Figure 1A), including the presence of signals
of 22-H, 24-H, and 21-H, with some significant differences.
First of all the symmetry plane that is present in 2 is lost
in 5 because each of the aryl protons resonate at different
frequencies. Also, each of the methoxy groups gives distinct
signals (Figure 7) unlike in the case of 2 for which these
signals are pairwise degenerated within each of the meso
substituents owing to the planar structure of the macro-
cycle. This indicates that 5 is nonplanar. The effective mo-
lecular symmetry is C, on the basis of its dimeric structure.
A selective upfield shift of the signals of one of the methoxy
groups (by about 2.5 ppm), one of the ortho protons, and
the para proton (by more than 1 ppm) of the substituent at
the meso 20-position caused by the aromatic ring current
of the neighboring subunit reveals the orientation of the
macrocyclic rings. Also, the through-space interactions be-
tween the protons of the substituent at the 20-position and
the “internal” protons at the 21-, 22-, and 24-positions ob-
served in the NOESY and ROESY experiments are in line
with a structure consisting of two aromatic subunits that
are in contact through a bridge linking the external nitrogen
atoms. In essence, the spectral pattern as well as the inter-
protonic contacts for 5 resemble that of the dimeric species
[(2),H]" (Figure 1B) except for the obvious lack of a signal

Eur. J. Org. Chem. 2009, 3930-3939
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from the bridging proton. This suggests a linear arrange-
ment of the N-Ag—N fragment, as in the case for the hydro-
gen-bonded nitrogen atoms in [(2),H]" (Figure 5). The
more pronounced aromatic ring-current effects observed in
the '"H NMR spectrum of the system with the proton bridge
compared with those of the bridging Ag™ may be interpre-
ted in terms of an ion-size difference that strongly influ-
ences the distance between the subunits.

150 1”Qp, 15p
02
13
121718 100 5 200,50 20p
; 8
82 80 7.8 7.6 7.0 6.6 6.2 5.8
10,15-OMe

s | 15-OMe w
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20-OMe
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Ll 11 L =l

T T T T T T T T

80 70 60 50 40 30 20 10 00
o(H)

Figure 7. 'H NMR spectrum and signal assignments for 5
(600 MHz, CDCl3, 298 K). The insets show enlargements of vari-
ous regions of the spectrum. The atom numbering follows that
given in Scheme 1; s: solvent; w: dissolved water signal.

The dimeric structure of 5 is also reflected by a decrease
in the diffusion coefficient D compared with that of the
monomeric macrocycle 2. Independent DOSY experiments
performed on CDClI; solutions of both systems at 300 K
(Figure 8) reveal about a 25% slower migration of the mole-
cules in the case of the dimer, which is caused by its con-
siderably higher molecular mass and size.’l For the
nickel(I) complex 4 the DOSY experiment gives the same
diffusion coefficient as in the case of 2, which is in line with
a predominately monomeric character of this system.

The presence of the silver ion in the complex can be in-
ferred from the '3C NMR spectrum of 5 in which certain
signals display splitting caused by the spin-spin coupling of
the 197:199A¢ nuclei with adjacent carbon nuclei. Thus, the
signal of C-21 at = 109.6 ppm, which can be unequivo-
cally identified by 'H,'3C HMQC experiments, is a doublet
with a coupling constant of *J, ¢ = 4.6 Hz. Two other sig-
nals (0 = 154.3 and 146.1 ppm), which correlate with 21-H
in the 'H,"3C HMBC experiments and on this basis can be
3935

WWW.eurjoc.org



FULL PAPER

P. J. Chmielewski, J. Maciotek, L. Szterenberg

| log D
[log(m*s)]

F-9.30

SNl
L.

8.0 7.0

-9.25
F-9.20
-9.15

6.0 s('H)

Figure 8. Superimposed fragments of the DOSY spectra (600 MHz,
CDCls, 300 K) of 2 and 5.

attributed to the confused pyrrole, are also split into dou-
blets with a coupling constant of 6.4 Hz. Another doublet
at 0 = 142.4 ppm (*Jagc = 4.7 Hz) can be assigned to the
meso C-20 atom because it correlates with the neighboring
pyrrole proton 7-H in the HMBC spectrum. The effects of
multibonding '°71%Ag 3C coupling have been observed
previously for silver(III) complexes and comprise the metal
ion coordinated inside a macrocyclic cavity.®! The complex
is positively charged because it comprises a bridging cation
as a structural fragment and thus requires a counteranion.
Because silver(I) has been introduced as a trifluoroborate
salt, the BF, ion is expected to neutralize the charge of the
assembly. Indeed, a singlet peak at § = —163 ppm in the '°F
NMR spectrum of 5 (473 MHz, CDCls;, 300 K) indicates
the presence of the trifluoroborate counteranion.

The optical spectrum of 5 is considerably different to that
of the nickel(II) complex 4 in dichloromethane, which re-
flects dissimilar patterns of metal ligation (Figure9). In
fact, the spectrum of 5 resembles that of the monoproton-
ated species that appears during the spectrophotometric ti-
tration with TFA (Figure 4). However, the spectrum of the
silver-bridged assembly remains unaltered after washing the
solution with water, unlike the case of the protonated spe-
cies for which such treatment restores the free base 2. On
the other hand, the addition of dry tetraalkyl chloride to
the dichloromethane solution of 5 resulted in a spectrum
identical to that of uncomplexed macrocycle 2, which indi-
cates demetalation. This is additional proof for the presence
of a silver(I) ion in 5.

The redox properties of compounds 2, 4, and 5 were
studied by cyclic voltammetry in dichloromethane solution,
and the potentials were referenced to a ferrocene/ferrocen-
ium internal standard. The voltammogram of the free base
2 consists of two oxidation (ol at 159 mV and o2 at
468 mV) and two reduction couples (rl at —1380 mV and r2
at —1910 mV) that are irreversible or quasi-reversible (Fig-
ure 10B). The values of the redox potentials fall in the range
typical of porphyrin or other aromatic macrocycles, includ-
ing N-confused analogues. However, a significant decrease
(by about 340 mV) in the difference between the potentials
of the first reduction and the first oxidation is observed for
2 compared with the parent compound 1-[3',5'-
(OMe),] (Figure 10A). The cathodic shift of ol and o2 and
the anodic shift of r1 and r2 reflect the stabilization of the
3936
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Figure 9. Optical spectra of dichloromethane solutions of 4 (solid
line) and 5 (dashed line).

oxidized and reduced forms of the macrocycle caused by
the extension of the delocalized m-orbital system in 2. The
first oxidation potential of the nickel(IT) complex 4 is even
more shifted towards a lower potential (E! = 35 mV, Fig-
ure 10C) owing to the involvement of the metal d orbitals
in the HOMO. Indeed, the EPR signal characteristic of a
trivalent nickel complex is observed in the chemical oxi-
dation of 4 with 1 equiv. of Br,,>!1 which indicates a metal-
centered oxidation. The potentials of the second oxidation
(520 mV) and the first reduction of 4 (-1312mV) only
slightly differ from those of 2. However, an unexpected fea-
ture is observed for the second reduction of 4. The wave is
split into two weaker well-separated quasi-reversible cou-
ples at —1852 and —2000 mV. This may reflect an interaction
between the subunits of the adduct that is formed on the
electrode surface and consists of the anion radical formed
upon the rl process. The effects of an interaction between

‘r2 r1 o1l o2
.7
:,—,,#i/
g I it
—
B ;_—’f :ﬁ
f 7
=
C %"_’
D | 1A ‘

2000 -1500 -1000 -500 O 500
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Figure 10. Cyclic voltammograms of 1-[3',5'-(MeO),] (A), 2 (B), 4
(C), and 5 (D). All experiments were performed in dichloromethane
with tetrabutylammonium perchlorate as the supporting electro-
lyte, and glassy carbon, platinum wire, and Ag/AgCl as the work-
ing, auxiliary, and reference electrodes, respectively. The starting
potentials and directions of the scans are marked with arrows. The
vertical lines mark the wave potentials of the mactrocycle 2.
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the subunits of the dimeric complex 5 can be observed on
the first and second reduction waves (Figure 10D). Both rl
and r2 are anodically shifted with respect to those of 2 due
to the cationic character of the silver(I)-bridged system and
split into two couples (1172, —1303 and —1672, —1770 mV).
The splitting of the waves reflects the effect of electron ad-
dition to one of the subunits of the dimeric molecule on the
energy of the second subunit. Such an interaction may be
either electronic (i.e., transferred by a conjugated bond sys-
tem) or electrostatic (purely coulombic). In the case of no
interaction between the subunits, no splitting is observed,
and both subunits are reduced/oxidized at the same poten-
tial. Interactions of both types have been observed pre-
viously for covalently linked dimeric complexes of N-con-
fused porphyrin derivatives.['?%12021]1 Herein we have dem-
onstrated for the first time an electrostatic interaction be-
tween organic subunits linked by coordination to the metal
cation.

Conclusions

We have shown that acid-catalyzed ring fusion occurs
chemo- and regiospecifically for meso-tetrakis(3’,5’-dimeth-
oxyphenyl)NCP and involves the external carbon atom of
the confused ring and the ortho-carbon atom of the adja-
cent aryl substituent. The resulting macrocycle remains aro-
matic and retains some of the coordination properties of N-
confused porphyrin showing, however, some new features.
The tendency towards a supramolecular assembly observed
for protonated and metalated systems seems to be related
to the presence of the exocyclic ring because no such associ-
ation has been observed for analogous compounds without
a fused ring. A stacking-type interaction between the ex-
tended m-electron systems of the subunits may be responsi-
ble for the stabilization of the oligomers.

Experimental Section

Instrumentation: Absorption spectra were recorded with a Varian
Cary 50 Bio spectrophotometer. Mass spectra were recorded with
a Bruker MicrOTOF-Q spectrometer by using the electrospray ion-
ization technique. NMR spectra were recorded with Bruker Avance
500 and 600 spectrometers. 1D and 2D experiments (COSY,
NOESY, ROESY, HMQC, and HMBC) were performed by stan-
dard experimental procedures of the Bruker library. Peaks were ref-
erenced to the residual CHCl; resonances in 'H and '*C NMR (&
=7.24 and 77.2 ppm, respectively). Diffusion experiments (DOSY)
were performed with a Bruker Avance 600 NMR spectrometer with
a 5 mm BBI probe head and equipped with a pulsed field gradient
unit capable of producing magnetic field gradients in the z direction
of about 5.35 Gem™!. All experiments were carried out at 300 K in
CDCls. The bipolar magnetic field pulse gradients (0) were of 2.5~
4.5 ms duration, and the diffusion time (A) was 50 ms. The pulse
gradients were increased from 0.10 to 5.08 Gem ! in 16 steps. Sig-
nals were averaged over 32 scans.
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Preparation of the Precursors: The meso-tetraaryl-2-aza-21-carba-
porphyrins 1 were synthesized according to a known procedurel>"!
by using appropriate aromatic aldehydes.

5,10,15,20-Tetrakis(3,5-dimethoxyphenyl)-3,2'-cyclopenta-2-aza-21-
carbaporphyrin (2): Trifluoroacetic acid was added in one portion
(100 pL, 1.298 mmol) to a solution of 1-[3',5'-(McO),] (80 mg,
0.0936 mmol) in toluene (30 mL). The solution was heated at reflux
under dry aerobic conditions for 5h. The color of the solution
turned from brown-red to an intense red-purple after about 1 h.
After the reaction was completed, the mixture was deacidified by
vigorous stirring with wet potassium carbonate, filtered, and passed
through a basic alumina column (activity III). The first red-brown
band eluted with toluene contained a small amount of unreacted 1-
[3",5"-(MeQ),]. The fraction containing 2 was eluted with a toluene/
dichloromethane mixture (1:3). The solid product was obtained
from dichloromethane as a ruby powder by the addition of hexane
and dried in vacuo. Yield: 55 mg (69%). Selected data: UV/Vis
(CH,Cly): Apmax (loge) = 272 (4.35), 296 (sh), 401 (4.68), 466 (sh),
489 (4.81), 520 (4.56), 581 (sh), 643 (3.58), 699 (3.50), 788
3.31m'em ™) nm. 'H NMR (500 MHz, CDCls, 298 K, TMS): 6
=8.20(d, *J = 52Hz, 1 H, 7-H), 7.92 (d, *J = 4.6 Hz, 1 H, 18-
H), 7.89 (d, 3J = 5.2 Hz, 1 H, 8-H), 7.86 (d, >/ = 4.6 Hz, 1 H, 13-
H), 7.71 (d, 3*J = 4.9 Hz, 1 H, 12-H), 7.58 (d, >J = 4.3 Hz, 1 H, 17-
H), 7.20 (d, *J = 2.1 Hz, 2 H, 0-20), 7.02 (d, *J = 2.1 Hz, 2 H, o-
15), 6.95 (d, 4J = 2.4 Hz, 2 H, 0-10), 6.75 (d, *J = 1.8 Hz, 1 H, o-
5), 6.71 (t, *J = 2.1 Hz, 1 H, p-15), 6.69 (t, *J = 1.8 Hz, 1 H, p-10),
6.68 (t, *J = 1.9 Hz, 1 H, p-20), 5.83 (d, *J = 1.5Hz, 1 H, p-5),
3.93 (s, 6 H, 2 X OMe), 3.92 (s, 3 H, OMe), 3.87 (s, 6 H, 2 X OMe),
3.86 (s, 6 H, 2 X OMe), 3.85 (s, 3 H, OMe), 2.27 (br. s, | H, 22-
NH), 1.95 (br. s, 1 H, 24-NH), -0.63 (s, 1 H, 21-H) ppm. '*C NMR
(126 MHz, CDCl;, 298 K): 6 = 178.7, 165.4, 161.4, 159.5, 159.2,
158.5, 156.2, 154.6, 147.7, 143.1, 142.6, 141.1, 139.3, 139.2, 137.7,
135.7, 132.3, 129.9, 128.0, 125.9, 124.4, 123.8, 123.2, 120.0, 115.9,
115.2, 115.0, 112.6, 112.3, 112.2, 106.1, 104.5, 101.2, 100.3, 99.8,
97.9, 56.1, 55.6, 55.5, 55.5, 55.3 ppm. HRMS (ESI+; CHCls):
calcd. for [Cs,H44N4Og + H] 853.3237; found 853.3201.
Cs5oHy4N4Og (CH,Cly)g25 (873): caled. C 71.80, H 5.09, N 6.25;
found C 71.79, H 5.13, N 6.41.

5,10,15,20-Tetrakis(3,5-dimethoxyphenyl)-3,2'-cyclopenta-2-aza-21-
carbaporphyrinatonickel(II) (4): Nickel(II) acetate tetrahydrate
(50 mg, 0.2 mmol) in ethanol solution (10 mL) was added to a solu-
tion of 2 (20 mg, 0.023 mmol) in toluene (30 mL), and the reaction
mixture was heated at reflux under nitrogen for 12 h. The solvents
were then removed, and the solid residue was extracted with dichlo-
romethane and passed through a silica gel column. The first purple-
red band was collected, and the product was precipitated from the
solution by the addition of hexane and filtered. Yield: 15 mg (72 %).
Selected data for 4: UV/Vis (CH,Cly): Amax (loge) = 273 (sh), 391
(4.67), 452 (4.42), 494 (sh), 516 (4.65), 634 (3.80), 693
4.17m'em™') nm. '"H NMR (600 MHz, CDCls, 298 K): 6 = 7.60
(s, 1 H, 2-NH), 7.34 (d, 3J = 5.2 Hz, 1 H, 7-H), 7.22 (d, 3*J = 5.2 Hz,
1 H, 8-H), 7.15 (d, 3J = 5.0 Hz, 1 H, 18-H), 7.13 (d, 3J = 4.7 Hz,
1 H, 13-H), 7.05 (d, 3J = 5.0 Hz, 1 H, 12-H), 6.95 (d, 3J = 4.7 Hz,
1 H, 17-H), 6.72 (d, *J = 2.3 Hz, 2 H, 0-15), 6.71 (d, *J = 2.2 Hz,
2 H, 0-20), 6.71 (d, *J = 2.3 Hz, 2 H, 0-10), 6.58 (t, *J = 2.3 Hz, 1
H, p-20), 6.56 (t, *J = 2.2 Hz, 1 H, p-10), 6.55 (t, *J = 2.3 Hz, 1 H,
p-15),5.99 (d,*J = 1.7Hz, 1 H, 0-5), 5.28 (d, *J = 1.7 Hz, 1 H, p-
5), 3.84 (s, 6 H, 20-OMe), 3.80 (s, 6 H, 10-OMe), 3.78 (s, 6 H, 15-
OMe), 3.65 [s, 3 H, 5(5")-OMe], 3.60 [s, 3 H, 5(3')-OMe] ppm. '3C
NMR (151 MHz, CDCls, 298 K): 6 = 167.5, 167.0, 159.9, 159.5,
159.5, 158.3, 157.8, 154.2, 153.3, 150.1, 147.2, 146.6, 144.3, 142.9,
142.8, 142.6, 141.0, 138.3, 133.5, 130.3, 128.3, 127.3, 125.9, 1254,
123.6, 120.7, 120.5, 116.7, 116.7, 110.9, 110.4, 109.9, 108.3, 100.4,
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99.8,99.7, 96.5, 55.6, 55.5, 55.4, 55.2 ppm. HRMS (ESI): calcd. for
Cs,H4oNyNiOg 908.2355; found 908.2333.

Bis[5,10,15,20-Tetrakis(3,5-dimethoxyphenyl)-3,2'-cyclopenta-2-
aza-21-carbaporphyrin]silver(I) Tetrafluoroborate (5): A sample of 2
(15mg, 0.017 mmol) was dissolved in chloroform (5mL), and
AgBF, (3.5mg, 0.017 mmol) was add to the solution. The dark-
purple solution formed was stirred at room temperature for 1 h.
The reaction mixture was then washed with two portions of water
(2 mL each), and the solvent was evaporated at room temperature.
The solid residue was dissolved in chloroform and filtered. The
orange-red product 5 was crystallized from chloroform/hexane.
Yield: 13 mg (70%). Selected data for 5: UV/Vis (CH,Cl,): Apnax
(loge) = 275 (4.65), 321 (4.59), 402 (4.88), 480 (sh), 505 (5.02), 529
(sh), 591 (sh), 646 (3.86), 719 (3.65), 814 (3.60), 905 (3.47 m'cm ™)
nm. 'H NMR (600 MHz, CDCl;, 298 K): 6 = 8.33 (d, 3J = 5.1 Hz,
1 H, 7-H), 8.04 (d, 3J = 5.1 Hz, 1 H, 8-H), 7.88 (d, 3/ = 4.7 Hz, 1
H, 13-H), 7.77 (d, 3J = 4.7 Hz, 1 H, 12-H), 7.48 (d, *J = 4.5Hz, 1
H, 17-H), 7.47 (d, 3J = 4.5 Hz, 1 H, 18-H), 7.14 (dd, *J = 2.2, 4J
= 1.4 Hz, 1 H, 0'-15), 6.98 (dd, *J = 2.1, *J = 1.4 Hz, 1 H, 0-10),
6.96 (dd, 7 = 2.2,4J = 1.5Hz, 1 H, 0'-10), 6.91 (dd, *J = 2.2, 4J
=1.5Hz, 1 H, 0'-20), 6.80 (d, *J = 1.9 Hz, 1 H, 0-5), 6.77 (dd, *J
=2.1,4%/=15Hz 1H, 0-15), 6.74 (t, *J = 2.2 Hz, 1 H, p-10), 6.69
(t,*J =2.3Hz, 1 H, p-15), 6.09 (dd, *J = 2.3,4/ = 14 Hz, 1 H, o-
20), 6.05 (d, 47 = 1.4 Hz, 1 H, p-5), 5.76 (t, *J = 2.2 Hz, 1 H, p-
20), 4.02 (s, 3 H, 5-OMe), 4.01 (s, 3 H, 5-OMe), 3.91 (s, 3 H, 10-
OMe), 3.90 (s, 3 H, 10-OMe), 3.90 (s, 3 H, 15-OMe), 3.79 (s, 3 H,
15-OMe), 3.67 (s, 3 H, 20-OMe), 2.17 (br., 1 H, 22-NH), 2.10 (br.,
1 H, 24-NH), 1.38 (s, 3 H, 20-OMe), -0.72 (s, 1 H, 21-H) ppm. 13C
NMR (126 MHz, CDCls, 298 K): 6 = 176.2, 167.9, 162.5, 160.5,
159.9, 159.7, 159.3, 159.3, 156.0, 155.6, 154.4 (d, Jagc = 6.4 Hz),
146.2 (d, Jagc = 6.4 Hz), 142.4 (d, Jagc = 4.7 Hz, C-20), 141.9,
139.6, 138.4, 137.1, 136.6, 136.3, 133.3, 131.2, 127.3, 126.1, 125.2,
124.9, 124.0, 117.9, 117.5, 114.9, 114.0, 112.5, 112.4, 112.3, 109.5
(d, 3Jagc = 4.6 Hz, C-21), 108.2, 100.3, 100.0, 98.0, 97.2, 56.5,
55.8, 55.6, 55.5, 554, 53.6ppm. HRMS (ESI): caled. for
C04HggAgNgO16 1811.5369; found 1811.5349.

Calculations: DFT calculations were performed with the
GAUSSIANO3 program.[' Geometry optimizations were carried
out within unconstrained C; symmetry with the starting coordi-
nates derived from the MM+ model. Becke’s three-parameter ex-
change functionals?®?! with the gradient-corrected correlation for-
mula of Lee-Yang-Parr [DFT(B3LYP)]?3 were used with the 6-
31G** basis set.>l Harmonic vibrational frequencies were calcu-
lated for 2 by using analytical second derivatives. Structures were
found to have converged to a minimum on the potential energy
surface. '"H and '*C NMR chemical shifts and NICS (nuclear-inde-
pendent chemical shift)>3 values were calculated by the GIAO
(gauge-independent atomic orbitals) method*®! at the same level of
theory. Natural population analysis (NPA) was performed by using
the NBO program!?’! at the same level of theory.

Supporting Information (see footnote on the first page of this arti-
cle): 1D and 2D homo- and heteronuclear NMR spectra, UV/Vis
and '"H NMR titrations of 2 with TFA, calculation details, atomic
Cartesian coordinates of the models, and correlation diagrams of
calculated versus experimental chemical shifts.
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