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ABSTRACT: Synthesis of the title compounds has been achieved
through refinement of a recently reported synthetic protocol
whereby varying equivalents of MeMgBr are reacted with 1,4-
dioctylphthalonitrile to produce mixtures favoring specific hybrid
structures. The initially formed magnesium-metalated compounds
are obtained as pure materials and include, for the first time, both
isomers (cis and trans) of tetrabenzodiazaporphyrin. The
compounds were demetalated to the metal-free analogues, which
were then converted into the copper-metalated derivatives. The X-
ray structure of the copper tetrabenzotriazaporphyrin derivative is
reported. The metal-free and copper-metalated macrocycles
exhibit columnar mesophase behavior, and it is found that the
mesophase stability is unexpectedly reduced in the diazaporphyrin
derivatives compared to the rest of the series. The results of time-dependent density functional theory calculations for the copper
complexes are compared to the observed optical properties. Michl’s perimeter model was used as a conceptual framework for
analyzing the magnetic circular dichroism spectral data, which predicted and accounted for trends in the observed experimental
spectra.

■ INTRODUCTION

Tetrabenzotriazaporphyrins (TBTrAPs), cis- and trans-tetra-
benzodiazaporphyrins (TBcisDAP and TBtransDAP), and
tetrabenzomonoazaporphyrins (TBMAPs) (Figure 1) can be
regarded as hybrid structures of the phthalocyanine (Pc) and
tetrabenzoporphyrin (TBP) macrocycles. They differ from
these two structural types through the presence of a
combination of both aza and methine groups within the core
heterocyclic component, i.e., the unit that gives rise to the cyclic
18π-electron system. Unlike TBPs and, in particular, Pc's, the
hybrid structures have been relatively little studied. Kobayashi’s
review of the literature of the hybrid macrocycles prior to 2002
indicated that about 50 examples had been reported, a number
of which were differently metalated examples of the same
ligand.1 Although there has been an increasing interest in these
compounds, a review of the literature to early 2011 by the
Norwich group2 showed that the number of published papers
and patents concerning these compounds was still no more
than 100. A plausible reason for this may lie in the synthetic
challenge inherent in the selective incorporation of specified
combinations of the aza and methine groups.

Early syntheses of hybrid compounds undertaken independ-
ently by Heilberger and von Rebay,3 Dent,4 and Linstead et al.5

in the 1930s utilized reactions of phthalonitrile with
methylmagnesium iodide, methyllithium, or phthalimidine-
acetic acid. These provided the first examples of unsubstituted
metalated TBTrAPs and TBMAPs. Much more recent work, in
particular by the groups of Galanin et al.,6 Leznoff et al.,7

Luk’yanets et al.,8 and others,9 extended both the chemistry and
range of derivatives available, leading to the synthesis of
examples of all four hybrid compounds. In particular, attention
has been given to the incorporation of substituents on the
benzenoid rings and/or at the meso-carbon atoms.2

Recently, the Norwich group reported an unexpectedly facile
access to nonperipherally substituted octahexyl and octadecyl
derivatives of three of the possible four hybrid compounds, viz.,
TBTrAP, TBcisDAP, and TBMAP, as well as TBP.10 The
compounds were generally obtained as mixtures by merely
reacting 3,6-dialkylphthalonitrile with varying equivalents of
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methylmagnesium bromide (MeMgBr), with higher equivalents
of the latter leading to greater preponderances of the more
methine-containing derivatives. Individual compounds were
isolated in modest yields.

In the present work, we have sought to optimize the reaction
conditions for generating the hybrid structures using 3,6-
dioctylphthalonitrile as the precursor. In this case, the isolated
products have included the TBtransDAP derivative for the first
time alongside the three other hybrid derivatives and the TBP
analogue; this study therefore reports a comparison of the first
full series of substituted, single-isomer hybrids. The com-
pounds, isolated as the magnesium-metalated derivatives, were
each demetalated and then reacted with copper acetate to form
the copper-metalated compounds. The X-ray structure of the
copper-metalated TBTrAP is reported. The liquid-crystal
properties of all of the metal-free and copper derivatives have
been investigated and compared. Magnetic circular dichroism
(MCD) spectra of the copper-metalated macrocycles and time-
dependent density functional theory (TD-DFT) calculations
are reported for the unsubstituted copper-metalated ligands.
Michl’s perimeter model11 is used as a conceptual framework to
analyze the results.

■ RESULTS AND DISCUSSION

Preparation and Characterization of Compounds. The
general scheme used to prepare the novel octaoctyl-substituted
hybrid compounds is shown in Figure 2 and was applied earlier
to prepare the octahexyl- and octadecyl-substituted macrocycles
referred to above.10 The route is based broadly upon the early
procedure used by Linstead and Barrett for obtaining the
unsubstituted macrocycles.5 As shown in Figure 2, the
macrocyclic ligands are obtained over two steps that involve a
change of the solvent. The products are isolated initially as the
magnesium-metalated derivatives.
In the present work, preliminary studies using varying

equivalents of MeMgBr to 1 equiv of 3,6-dioctylphthalonitrile
provided for the first time samples of all four magnesium-

Figure 1. Molecular structures showing the relationship of the
unmetalated macrocycles Pc, TBTrAP, TBcisDAP, TBtransDAP,
TBMAP, and TBP.

Figure 2. Synthetic scheme and notation used for the compounds reported in the paper. Eight as a prefix to each notation signifies that the chain
length of each alkyl group contains eight carbon atoms. Reagents: (i) acetic acid; (ii) copper acetate.
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metalated hybrid derivatives together with TBP. These were
separated chromatographically, all as viscous gums. They were
identified and characterized by matrix-assisted laser desorption
ionization (MALDI) time-of-flight (TOF) mass spectrometry
(MS), with each compound giving a characteristic isotopic
cluster for the molecular mass ion, and by 1H NMR
spectroscopy; in particular, the isomeric TBcisDAP and
TBtransDAP compounds were readily distinguished by the
signals in the aromatic and benzylic proton regions. The
compounds, and those of the target copper-metalated
derivatives, were further characterized by their UV/vis
absorption spectra (Figure 3), which reveal, in particular, the
differences in the Q band energies for the isomeric TBDAPs
that are discussed later.
During this study, experiments revealed aspects of the role of

the solvent and the conditions for the preparation of the

compounds. With regard to the first step, the reaction of
MeMgBr with 3,6-dioctylphthalonitrile in tetrahydrofuran
(THF) was found to require 30 min of reflux prior to removal
of the solvent. Very poor conversions followed when the first
step was undertaken at room temperature even after the
reaction was left to stand for over 72 h. The use of diethyl ether
rather than THF as the solvent also led to a very poor yield of
the final material. In the second step, it was also noted that
when the second solvent, quinoline, was added at ca. 100 °C
rather than at room temperature, the final yields were very
erratic, sometimes high and sometimes low. A further
observation concerned the state of quinoline used in the
reaction. The highest yields of recovered mixtures of hybrids
were obtained using freshly distilled quinoline, suggesting that
oxidative decomposition pathways compete with macrocycle
formation. The use of quinoline exposed to air led to

Figure 3. UV/vis absorption spectra of the copper-metalated macrocycles showing λmax for the main spectral bands. As the number of aza nitrogen
atoms increases, the B band shifts to the blue from 438 nm and broadens, while the Q band shifts to the red from 639 nm and steadily intensifies
relative to the B band.
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significantly reduced amounts of the hybrid materials (Table 1).
All subsequent reactions were therefore carried out using

freshly distilled quinoline that was then degassed with argon.
The reaction was then undertaken under an argon atmosphere.
In the previous study of the synthesis of hybrid compounds

obtained when MeMgBr was reacted with 3,6-dihexylphthalo-
nitrile and 3,6-didecylphthalonitrile,10 the yields reported were
of individual magnesium-metalated macrocyclic products
isolated after column chromatography. In the present work, a
further series of experiments under the optimal conditions
referred to above were undertaken that used 1H NMR
spectroscopy to more accurately monitor the composition of
the crude product mixtures using the integrated intensities of
the 1H NMR signals characteristic of particular protons in each
hybrid compound. Typically, these were the methine and
aromatic protons. The weights of the recovered mixtures as a
mean of two parallel experiments, each using 200 mg of 3,6-
dioctylphthalonitrile and from 1 to 5 equiv of MeMgBr, are
shown in Table 2. The aggregate recovered yields were a little
over 50% when 2 or 3 equiv of MeMgBr was used and very low
when 1 or 5 equiv was used. The table also shows the calculated
percent yield of each magnesium-metalated component using
different equivalents of MeMgBr. These are based on the
analysis of the 1H NMR signal intensities referred to above and
ignoring the very minor differences in the molecular masses of
the compounds. It is clear that there is no evidence for
formation of the Pc derivative in any reaction. A significant
amount of TBP was obtained when 3 equiv of MeMgBr was
used. Indeed, the results from experiments using 2 and 3 equiv
of MeMgBr show greater amounts of the more methane-rich
compounds than those using 3 equiv of MeMgBr. This is in line
with earlier results for the octahexyl- and octadecyl-substituted
homologues. With regard to the use of 4 equiv of MeMgBr,
there is no clearly favored product within this low-yield
reaction.
The separated magnesium-metalated products were demeta-

lated using acetic acid. The metal-free derivatives were
satisfactorily characterized by both 1H NMR spectroscopy
and MALDI-TOF-MS, with each compound giving a signal for

the molecular ion. Their isotope distribution patterns matched
precisely with theoretical prediction, unambiguously verifying
the identification (molecular formula) of each compound.
The metal-free compounds were then converted into their

copper-metalated analogues by reacting them with copper
acetate. The products were characterized by MALDI-TOF-MS
and elemental analysis. Crystals suitable for X-ray diffraction
were obtained for 8CuTBTrAP, and its structure, shown in
Figure 4, reveals an essentially planar macrocyclic core, similar
in conformation to the related magnesium derivative bearing
eight hexyl chains.10

It is well-known that Pc's substituted with eight alkyl groups
(of appropriate length) form discotic liquid-crystal phases, and
indeed those substituted at the nonperipheral sites show a rich
polymesomorphism in many cases.12,13 We have previously
reported that hybrid structures also show mesophase
behavior,10,14 and it is therefore not surprising that the present
compounds show columnar liquid-crystal phases at elevated
temperatures. Again we find mesophase−mesophase transitions
for many derivatives (described as D1−D4 columnar phases
following the original convention reported for the parent Pc's).
Figure 5 shows the detailed transition temperature and phase
trends for the series of copper hybrids, and it is immediately
apparent that the TBDAP derivatives, in particular
8CuIITBtransDAP, are revealed to be anomalous within the
series. The cis isomer shows a relatively narrow mesophase
range with both a depressed transition into the isotropic phase
and a raised melting point. In contrast, the trans-isomer
transition temperatures decreased by ca. 100 °C compared to
the rest of the series. These intriguing observations were not
predicted and cannot be simply rationalized but imply that the
packing of the macrocyclic cores in the crystal and columnar
mesophase is somehow disfavored compared to the other
hybrids.

MCD and the Electronic Structure of Porphyrinoids.
MCD spectroscopy15 has previously been used to definitively
identify the main electronic bands of TBTrAPs and a
tetranaphthotriazaporphyrin.16 In this paper, the MCD spectral
data are used to validate theoretical descriptions of the
electronic structures provided by calculated TD-DFT and
ZINDO/s spectra. Analysis of the MCD spectra is based on
intensity mechanisms described by the Faraday 1, 0, and 0
terms.15 The MCD spectra of D4h-symmetric porphyrinoid
complexes are usually dominated by derivative-shaped Faraday

1 terms, when the ground state is orbitally nondegenerate,
due to the Zeeman splitting of orbitally degenerate ππ* excited
states. When there is no 3-fold or higher axis of symmetry, the

1 terms are replaced by coupled pairs of oppositely signed
and Gaussian-shaped Faraday 0 terms. Although there is
sometimes scope for the temperature-dependent Kramers
doublet 0 term intensity in the MCD spectra of porphyrinoids
even when the ground state is orbitally nondegenerate if S =

Table 1. Variation in the Aggregate Yields of the
Magnesium-Metalated Macrocycles Using Quinoline as the
Reaction Solvent in the Second Step When Exposed to Air
over Several Daysa

condition of quinoline crude product (mg) overall yield (%)

freshly distilled 87 43
after 1 day 66 33
after 2 days 29 14
after 3 days 15 7

aInitial amount of starting material used = 200.0 mg.

Table 2. Effect of the Number of Equivalents of MeMgBr Used in the Reaction on the Composition of the Product Mixture As
Assessed by 1H NMR Spectroscopy

8MgTBP 8MgTBMAP 8MgTBcisDAP 8MgTBtransDAP 8MgTBTrAP equiv of MeMgBr

trace trace 5% 1.0
6% 7% 5% 3% 31% 2.0
21% 18% 6% 6% 3.0
3% 6% 7% 3% 6% 4.0
trace 5.0
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1/2, as is the case with d
9 CuII complexes, this is not expected to

be a factor with the partially aza-fused compounds because the
D2h and C2v symmetries break the orbital degeneracy of the ππ*
excited states. Although application of TD-DFT to the three
Faraday terms has recently been developed using the
Amsterdam Density Functional Suite,17 MCD spectra cannot
currently be calculated using the commercially available form of
the Gaussian software package. Older theoretical approaches for
describing the electronic structures of porphyrinoids, such as
Gouterman’s four-orbital model18 and Michl’s perimeter
model,11 can be used to provide a conceptual framework for
validating the results of theoretical calculations based on the
relative energies of the frontier π molecular orbitals (MOs) in a
manner that is readily accessible to the experimentalist in
conceptual terms. Moffitt19 and Michl11 demonstrated that the
relative intensities of the major electronic absorption bands of
aromatic π systems can be successfully described in terms of
perturbations to the structure of a high-symmetry parent
hydrocarbon (C16H16

2− in the case of metal tetrapyrrole

porphyrinoid complexes or C18H18 for free-base compounds).
The nodal patterns of the π-system MOs are retained even
when the symmetry of the cyclic perimeter is modified. As a
consequence of this, there is an ML = 0, ±1, ±2, ±3, ±4, ±5,
±6, ±7, and 8 sequence in ascending energy terms in the π
MOs of metal porphyrinoids (Figure 6), in a manner analogous

to that of the ML = 0, ±1, ±2, and 3 π-MO sequence, that
forms the basis of the aromatic properties of benzene. Within
the band nomenclature of Gouterman’s four-orbital model,18

there is an electronically allowed B transition and a forbidden Q
transition linking the frontier ML = ±4, ±5 π MOs based,
respectively, on ΔML = ±1 and ±9 transitions. When a
structural perturbation results in a marked lifting of the
degeneracy of the MOs derived from the highest occupied
molecular orbital (HOMO) and/or lowest unoccupied
molecular orbital (LUMO) of the parent perimeter (referred

Figure 4. Crystal structure of 8CuIITBTrAP showing a near-planar core (side chains omitted for clarity on the front and side views).

Figure 5. Transi t ion temperatures for the ser ies of
octaoctyltetrabenzo(aza)porphyrin copper derivatives. Data for the
Pc analogue is taken from ref 13. Figure 6. Michl’s perimeter model11 for C16H16

2− (left). The circle
represents a diagrammatic representation of the clockwise and
counterclockwise motion of π-system electrons on the inner ligand
perimeter generating the ML value for each complex π MO. The
alignment and magnitude of the magnetic moments induced by the
electron motion within each πMO (center) can be predicted based on
the right-hand rule and linear combination of atomic orbitals
calculations. The moments aligned along the z axis with or against
the applied field are shown diagrammatically.11 Right and left
handedness is defined within classical optics looking toward the light
source of the circular dichroism spectrometer (lcp and rcp = left and
right circularly polarized light).
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Figure 7. In Michl’s perimeter model,11 the nodal properties of the frontier πMOs on the inner perimeter of porphyrinoid ligands understood based
on a C16H16

2− parent hydrocarbon. Gray and black are used to denote the phase changes in the isosurfaces of the MO at 0.04 au. The 2N nodal
planes of the MOs derived from the HOMO of a 4N+2 parent perimeter typically form octagons on the perimeter, with the planes running through
alternating atoms, while the 2(N + 1) nodal planes of the LUMO-level MOs form a decagon in which, with the exception of those lying on either the
x or y axis, the nodes and antinodes do not coincide with the atom positions. With a symmetry-lowering perturbation such as fused-ring expansion or
core modification, the nodal patterns are determined by the alignment of the plane of symmetry in the yz plane. Michl introduced a, s, −a, and −s
nomenclature to describe the four frontier π MOs in this context based on whether there is a nodal plane (a and −a) or an antinode (s and −s) on
what corresponds to ML = 0 in Figure 6. Similar nodal patterns can be observed for the four frontier π MOs of the copper(II) complexes of TBP,
TBMAP, TBtransDAP, TBcisDAP, TBTrAP and Pc (Figure 9). Once the alignment of the nodal planes has been clearly defined, the effect of
different structural perturbations can be readily conceptualized on a qualitative basis through consideration of the relative size of the MO coefficients
on each atom on the perimeter.

Figure 8. MO energies predicted for the copper(II) complexes of TBP, TBMAP, TBtransDAP, TBcisDAP, TBTrAP, and Pc in B3LYP geometry
optimizations with 6-31G(d) basis sets. Occupied MOs are denoted with black squares, while the MO derived primarily from the partially occupied
dz2 MO of the central metal is highlighted with an open red square and is offset to the right along with other MOs that are not associated with the
ligand π system. The four frontier π MOs associated with Gouterman’s four-orbital model18 are highlighted with thicker and wider gray lines.
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to as the ΔHOMO and ΔLUMO values within Michl’s
terminology11), there is a mixing of the allowed and forbidden
properties of the Q and B bands and a marked intensification of
the Q band, which as a consequence can become the dominant
spectral feature for some porphyrinoids such as the Pc's.20,21

When ΔHOMO ≈ ΔLUMO, the Q bands remain relatively
weak because the orbital angular momentum properties of the
parent hydrocarbon perimeter are retained and the absorption

intensity in the Q band region is based primarily on vibrational
borrowing from the allowed B(0,0) bands.22

Michl11 introduced the a, s, −a, and −s terminology for the
four MOs derived from the HOMO and LUMO of the parent
perimeter so that π systems of porphyrinoids with differing
molecular symmetry and relative orderings of the four frontier
π MOs in energy terms can be readily compared. One MO
derived from the HOMO of the parent perimeter and another
derived from the LUMO have nodal planes that coincide with

Table 3. Calculated Electronic Excitation Spectra of CuIIPc, CuIITBTrAP, CuIITBcisDAP, CuIITBtransDAP, CuIITBMAP, and
CuIITBP Based on TD-DFT Calculations Using the B3LYP Functional and with 6-31G(d) Basis Sets

CuIIPc (D4h)

banda no.b symc calcdd exptle,12 wave functionf

1 1A1g ground state

Q 4 and 5 1Eu 16.9 592 (0.40) 14.2 706 38% a → 1eg*
A; 35% a → 1eg*

B; ...

B1 48 and 49 1Eu 29.9 335 (0.25) 28.7 348 30% a → 1eg*
A; 30% a → 1eg*

B; 13% 2a2u → 1eg*
B; 11% 2a2u → 1eg*

A; ...

B2 51 and 52 1Eu 30.4 329 (0.28) 28.7 348 43% 1b1u → 1eg*
B; 36% 1b1u → 1eg*

A; ...

CuIITBTrAP (C2v)

banda #b symc calcdd exptle wave functionf

1 1A1 ground state

Q 4 1A1 16.8 594 (0.39) 14.2 703 38% a → −aB; 35% a → −aA; 4% s → −sA; 5% s → −sB; ...
Q 6 1B1 17.5 572 (0.32) 14.8 676 39% a → −sB; 36% a → −sA; 7% s → −aB; 6% s → −aA; ...
B1 23 1B1 26.8 373 (0.08) 24.9 402 32% 2b2(1eg) → −aA; 15% 2a2(1eg) → −s*A; 14% a → −aB; 14% s → −aA; 13% 2b2(1eg)

→ −a*A; ...
31 1B1 28.0 357 (0.24) 14% a → 2b2*

A; 13% s → −aA; 12% s → 2b2*
B; 12% 2b2(1eg) → −a*A; 10% s → −sB; ...

43 1B1 29.4 341 (0.25) 19% a → 2b2*
B(1b1u*); 17% a → 2b2*

A(1b1u*); ...
B1 44 1A1 29.4 340 (0.20) 26.1 383 24% s → −sB; 20% s → −sA; 11% 2b2(1eg) → −s*A; ...

46 1A1 29.8 336 (0.21) 22% 2b2(1eg) → −s*A; 20% 2b2(1eg) → −s*B; ...
CuIITBcisDAP (C2v)

banda #b symc calcdd exptle wave functionf

1 1A1 ground state

Q 5 1A1 17.4 573 (0.31) 14.9 673 39% a → −aB; 36% a → −aA; 8% s → −sB; 7% s → −sA; ...
Q 6 1B1 17.5 572 (0.30) 15.2 658 39% a → −sB; 35% a → −sA; 9% s → −aB; 7% s → −aA; ...
B 25 1B1 27.3 366 (0.44) 24.8 403 30% s → −aA; 24% s → −aB; ...
B 28 1A1 27.9 358 (0.54) 26.1 383 30% s → −sA; 27% s → −sB;

CuIITBtransDAP (D2h)

banda #b symc calcdd exptle wave functionf

1 1Ag ground state

Q 5 1B3u 16.8 597 (0.38) 14.3 698 38% a → −sB; 35% a → −sA; 6% s → −aA; 6% s → −aB; ...
Q 6 1B2u 17.9 557 (0.21) 15.3 655 39% a → −aB; 35% a → −aA; 13% s → −sB; 10% s → −sA; ...
B 25 1B2u 27.3 366 (1.00) 23.8 420 31% s → −sA; 30% s → −sB; ...
B 39 1B3u 29.4 340 (0.52) 26.7 374 34% s → −aA; 32% s → −aB; ...

CuIITBMAP (C2v)

banda #b symc calcdd exptle wave functionf

1 1A1 ground state

Q 5 1B1 17.4 576 (0.29) 14.2 703 38% a → −sB; 35% a → −sA; 10% s → −aA; 8% s → −aB; ...
Q 6 1A1 17.9 559 (0.20) 14.8 676 37% a → −aB; 35% a → −aA; 17% s → −sB; 7% s → −sA; ...
B 23 1A1 26.9 372 (0.95) 24.9 402 30% s → −sB; 30% s → −sA; ...
B 25 1B1 27.4 365 (0.65) 26.1 383 30% s → −aB; 30% s → −aA; ...

CuIITBP (D4h)

banda #b symc calcdd exptle,20 wave functionf

1 1A1g ground state

Q 9 and 10 1Eu 17.8 563 (0.12) 15.2 660 52% s → 1eg*
A; 17% a → 1eg*

A; 32% a → 1eg*
B; ...

B 22 and 23 1Eu 26.4 379 (0.95) 23.3 429 29% s → 1eg*
A; 28% s → 1eg*

B; ...
aBand assignment described in the text. bThe number of the state assigned in terms of ascending energy within the TD-DFT calculation. cThe state
symmetry. dCalculated band energies (103 cm−1), wavelengths (nm), and oscillator strengths in parentheses ( f). eObserved energies (103 cm−1) and
wavelengths (nm). fThe wave functions based on the eigenvectors predicted by TD-DFT. One-electron transitions associated with the four frontier π
MOs of Gouterman’s four-orbital model18 are highlighted in bold.
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the yz plane and are referred to respectively as the a and −a
MOs, while the corresponding MOs with antinodes on the yz
plane are referred to as the s and −sMOs. The HOMO level of
4N + 2 π-electron systems have 2N nodal planes, while the
LUMO levels have 2(N + 1), effectively forming an octagon or
a decagon on the 16-atom inner perimeter (Figure 7). The D4h
symmetry of the porphyrin dianion dictates that the −a and −s
MOs are degenerate because the ML = ±5 nodal patterns differ
along the x and y axes only by being rotated by 90° with respect
to each other. In the context of Gouterman’s four-orbital
model, the symmetry-split a and s MOs of D4h symmetry MPc
complexes transform as a1u and a2u, respectively, while the −a
and −s MOs form the doubly degenerate eg* LUMO.18 The
MCD spectrum is, therefore, usually dominated by Faraday 1
terms because the ground state is orbitally nondegenerate and
the Q and B excited states are orbitally degenerate.
B3LYP-optimized geometries calculated with 6-31G(d) basis

sets for the copper(II) complexes of TBP, TBMAP, TBcisDAP,
TBtransDAP, TBTrAP, and Pc can be used to analyze trends in
the energies of the frontier π MOs (Figure 8). Earlier ZINDO
calculations for the dianion species of TBMAP, TBcisDAP,
TBtransDAP, and TBTrAP16 revealed that partial aza
substitution causes a comparatively minor perturbation to the
electronic structure of TBP, based primarily on the electro-
negativity difference between meso-carbon and aza-nitrogen
atoms. Trends in the energies and intensities of the Q and B
bands (Figure 14 and Table 3) can be readily rationalized using
Michl’s perimeter model.11 The isosurfaces of the a, s, −a, and
−s MOs demonstrate that there is relatively little mixing with
the d MOs of the central CuII ion in the DFT calculations
(Figure 9). The Q band shifts ca. 40 nm to the red upon
moving from CuIITBP to CuIIPc, which points to a significant
narrowing of the HOMO−LUMO band gap. The narrowing of
the HOMO−LUMO band gap is primarily associated with the
0.65 eV stabilization of the LUMO (the −s MO) upon moving
from CuIITBP to CuIIPc due to the large MO coefficients at the
meso positions (Figures 8 and 9). This leads to a narrowing of
the HOMO−LUMO band gap and hence to a slight red shift of
the Q band because the energy of the HOMO, which is the a
MO, is only stabilized by 0.32 eV (Figure 9).
The s MO is steadily stabilized with the addition of each

successive aza-nitrogen atom because there are large MO
coefficients at the meso positions (Figures 8 and 9) and moves
from being HOMO−1 in the context of CuIITBP to HOMO−5
in the context of the α electrons of CuIIPc. The ΔHOMO
values become progressively larger, with the addition of each
aza-nitrogen atom ranging between 0.78 eV for CuIITBP and
1.87 eV for CuIIPc (Figure 9), because the meso positions lie
on nodal planes in the context of the a MO and hence are not
affected as significantly by this structural modification. The
UV/vis absorption and MCD spectra of TBTrAP compounds16

are, therefore, similar to those of MIIPcs (Figures 3 and 10),20

while the spectra of TBMAP are similar to those of TBP
(Figures 3 and 13). The most important feature to note in this
regard is that there is a significant red shift and relative
intensification of the B band as the ΔHOMO value increases
over the series of compounds from CuIIPc to CuIITBP (Figure
14), while in the Q band region, there is a blue shift and relative
decrease in the band intensity. The blue shift of the B band can
be readily explained using Michl’s perimeter model,11 based on
stabilization of the s MO relative to the −a and −s MOs
(Figure 8) as aza-nitrogen atoms are added to the structure,
because the s → −a and s → −s one-electron transitions

provide the dominant contributions to the B excited states
(Table 3). It has also previously been demonstrated in the
context of a series of radially symmetric fused-ring-expanded
zinc(II) porphyrinoids25 that when the ΔHOMO value of
fused-ring-expanded porphyrinoids increases, there is a mixing
of the allowed and forbidden properties of the Q and B bands
and a greater level of configuration interaction between the B

Figure 9. Nodal patterns of the a, s, −a, and −s MOs of copper(II)
complexes of TBP, TBMAP, TBtransDAP, TBcisDAP, TBTrAP, and
Pc in B3LYP geometry optimizations with 6-31G(d) basis sets at an
isosurface value of 0.04 au. The x and y axes of TBP, TBcisDAP, and
Pc are rotated by 45° relative to those of TBMAP, TBtransDAP, and
TBTrAP, so the nodal patterns of the −a and −sMOs differ markedly.
The a, s, −a, and −s MOs are defined based on the presence and
absence of nodal planes on the meso atoms along the y-axis alignment
of TBMAP, TBtransDAP, and TBTrAP. The number of aza nitrogen
atoms that lie along the x and y axes, respectively, within this axis
alignment are provided in parentheses for each compound. The
stabilizing effect on the −a and/or −s MOs when there are large MO
coefficients on aza-nitrogen atoms is reflected in the relative energies
predicted for these MOs for the TBMAP, TBtransDAP, and TBTrAP
complexes in Figure 8 and in the markedly different ΔLUMO values
predicted for the TBtransDAP and TBcisDAP complexes. The
ΔHOMO (ΔH) and ΔLUMO (ΔL) values are provided for each
compound in a second set of parentheses.
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and higher-energy ππ* states (Table 3). In the context of Pc's,
MCD studies have demonstrated that there are two intense
overlapping derivative-shaped Faraday 1 terms in the B-band
region.20,26 Gouterman’s Q and B band nomenclature was,
therefore, modified to include B1 and B2 bands.18 The B1 and
B2 band terminology is used in assigning the spectra of
CuIITBTrAP based on the presence of two coupled pairs of
oppositely signed 0 terms, which replace the 1 terms due to
C2v symmetry.15 As has been observed previously,24 the B
bands of the TBMAP compound are sharper and more intense
than those in the spectra of TBTrAP and Pc compounds and
shift to longer wavelength at ca. 400 nm. There is a lower
degree of mixing of the allowed and forbidden properties of the
Q and B band transitions and hence weaker absorbance in the
Q band region relative to the B band (Figures 3 and 13)
because of the significantly lower ΔHOMO value (Figure 9).
Luk’yanets and co-workers8 reported earlier the marked

differences in the spectra of TBcisDAP and TBtransDAP
compounds, and these differences are also evident in the
spectra of the present derivatives shown in Figures 3, 11, and
12. A comparison between the coupled pair of oppositely
signed Faraday 0 terms in the MCD spectrum and the
corresponding bands in the UV/vis absorption spectrum makes
it clear that there is a marked zero-field splitting of the Q(0,0)
bands of CuIITBtransDAP. The negative 0 term at 699 nm is
closely aligned with the intense absorption band at 698 nm, and

the corresponding positive 0 term lies at 655 nm. The
perturbation to the structure varies along the x and y axes in a
manner that corresponds with the differing alignments of the
nodal planes of the −a and −s MOs (Figure 7). A significant
ΔLUMO value is, therefore, anticipated because the two aza-
nitrogen atoms lie on a nodal plane in the −a MO but have
significant MO coefficients in the −s MO (Figures 9 and 10).
In contrast, despite the lack of a 3-fold or higher axis of
symmetry, the Q band region of the MCD spectrum of
CuIITBcisDAP can be viewed as being dominated by a pseudo-

1 term because the main absorption band at 667 nm lies close
to the zero-intensity point of the derivative-shaped signal in the
MCD spectrum, which is the pattern that would normally be
anticipated for an 1 term. No splitting is observed for the
Q(0,0) bands of the CuIITBcisDAP complex (Figure 11)
because, as has previously been predicted on the basis of the
symmetry-adapted perturbation method,23 the perturbations to
the structure are identical along the x and y axes. There is one
aza-nitrogen atom and one meso-carbon atom along each axis
(Figure 10), so incorporating the aza-nitrogen atoms would
have an identical effect on the energies of the −a and −s MOs.
The predicted ΔLUMO value is only 0.02 eV (Figure 9), so
only a minor splitting of the Q and B bands into x- and y-
polarized components is anticipated based on the DFT
calculations. There are also marked differences between the
spectra of CuIITBcisDAP and CuIITBtransDAP in the B band
region. The MCD spectrum of CuIITBcisDAP contains two

Figure 10. Absorption and MCD spectra of 8CuIITBTrAP in CHCl3
with the calculated TD-DFT spectrum plotted against a secondary axis
using diamonds to denote the oscillator strength of each band. Red
diamonds are used to highlight the Q(0,0) and B(0,0) bands, which
have the largest contributions from the four spin-allowed one-electron
transitions in Gouterman’s four-orbital model.18.

Figure 11. Absorption and MCD spectra of 8CuTBcisDAP in CHCl3
with the calculated TD-DFT spectrum plotted against a secondary axis
using diamonds to denote the oscillator strength of each band. Red
diamonds are used to highlight the Q(0,0) and B(0,0) bands, which
have the largest contributions from the four spin-allowed one-electron
transitions in Gouterman’s four-orbital model.18
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pairs of relatively well-resolved oppositely signed Faraday 0
terms, which could be viewed as pseudo- 1 terms, while that of
CuIITBtransDAP is dominated by a pair of broader 0 terms,
with a significantly larger energy separation between the
minima and maxima of the negatively and positively signed
bands. The difference between the spectra is related to the
differing ΔLUMO values because this affects the configuration
interaction between the higher-energy ππ* states. We
tentatively assign the 420 and 373 nm bands in the
CuIITBtransDAP spectrum to the B transition because the
TD-DFT calculation predicts a single set of intense bands in
this region of the spectrum (Figure 12).
In the MCD spectra, the sign sequence with ascending

energy observed in the Faraday 0 terms associated with the Q
and B band transitions is consistently −/+/−/+ for the
complete series of partially aza-substituted compounds (Figures
10−13). Because no significant mixing is predicted between the
Q and B band transitions and ligand-to-metal or metal-to-ligand
charge-transfer transitions associated with the d9 configuration
of the CuII central metal ion (Table 3), the −/+ sign sequence
with ascending energy that would normally be anticipated for
the Q and B bands of porphyrinoids with ΔHOMO ≫
ΔLUMO is retained. The ΔHOMO and ΔLUMO values can
be regarded as measures of the extents to which circulation on
the perimeter of the positively charged hole left in the HOMO
and the negatively charged electron in the LUMO upon
electronic excitation is hindered because of the lower symmetry

relative to the parent hydrocarbon perimeter.11,15 This
determines the alignment of the induced magnetic dipole
moments of the Q and B band excited states relative to the
applied magnetic field and hence whether there is net
absorption of left or right circularly polarized light associated
with each band. Even in the context of CuIITBtransDAP, which
has the largest structural perturbation along the x and y axes,
the predicted ΔLUMO value of 0.32 eV remains considerably
lower than the corresponding ΔHOMO value of 1.30 eV
(Figures 8 and 9).

■ EXPERIMENTAL SECTION
Equipment. 1H NMR spectra at 300 and 400 MHz were recorded

on a Varian Gemini 300 spectrometer and a Varian 400 Lambda
spectrometer, respectively. Signals are quoted in ppm as δ downfield
from tetramethylsilane (δ = 0.00). At University of East Anglia,
ultraviolet spectra were recorded using a Hitachi U-3000 spectropho-
tometer. Mass analysis was undertaken using a Shimadzu MALDI-
TOF-MS spectrometer with a TA1586Ade plate and DCTB as the
matrix and calibrated against 1,4,8,11,15,18,22,25-octaoctylphthalocya-
nine.

At Tohoku University, electronic absorption spectra were measured
with a Jasco V-570 spectrophotometer. MCD spectra were recorded
using a Jasco J-725 spectrodichrometer and a Jasco electromagnet that
produces a magnetic field of up to 1.09 T. The sign conventions of
Piepho and Schatz are adopted when describing the three Faraday
terms.27

Figure 12. Absorption and MCD spectra of 8CuIITBtransDAP in
CHCl3 with the calculated TD-DFT spectrum plotted against a
secondary axis using diamonds to denote the oscillator strength of
each band. Red diamonds are used to highlight the Q(0,0) and B(0,0)
bands, which have the largest contributions from the four spin-allowed
one-electron transitions in Gouterman’s four-orbital model.18

Figure 13. Absorption and MCD spectra of 8CuIITBMAP in CHCl3
with the calculated TD-DFT spectrum plotted against a secondary axis
using diamonds to denote the oscillator strength of each band. Red
diamonds are used to highlight the Q(0,0) and B(0,0) bands, which
have the largest contributions from the four spin-allowed one-electron
transitions in Gouterman’s four-orbital model.18.
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Phase and mesophase transition temperatures were observed
through an Olympus BH2 polarizing optical microscope fitted with
a Linkham THM60 hotstage operating at a heating and cooling rate of
5 °C·min−1. Temperatures were confirmed by differential scanning
calorimetry using a Q20 TA DSC instrument with heating and cooling
rates of 2 °C·min−1.
Elemental analyses were undertaken by London Metropolitan

University. Thin-layer chromatography analysis was carried out on
Merck aluminum-backed silica gel 60 F254 coated plates and
visualized under normal light. Column chromatography was performed
at ambient temperature using Davisil chromatographic silica media
LC60 Å 40−63 μm, with solvent systems given as volume ratios.
X-ray diffraction was performed by the UK National Crystallog-

raphy Service at 119 Beamline, Diamond Light Source, according to a
previously published procedure.28 Cell determination, data collection,
and treatment were undertaken using CrystalClear-SM Expert 2.0 r7
(Rigaku, 2011). Structure solution was achieved using SUPERFLIP
and refined using SHELXL97.
Materials. Methylmagnesium bromide (MeMgBr) as 3.0 M

solutions in THF was supplied by Aldrich. The preparation of 3,6-
dioctylphthalonitrile has been described elsewhere.12

Compound Synthesis. General Procedure for the Synthesis of
1,4 ,8 ,11,15,18,22,25-Octaocty l tetrabenzo[b,g , l ,q] (aza)-
porphinatomagnesium Derivatives. 3,6-Dioctylphthalonitrile (200.0
mg, 0.567 mmol) was dissolved in dry THF (3.0 mL) under an argon
atmosphere. The solution was stirred at room temperature, and n mL
(n varies according to the number of equivalents used) of a 3.0 M
solution of MeMgBr was added dropwise via a syringe. The reaction
mixture was immersed in an oil bath and heated under reflux for 30
min. During this time, the mixture changes from a colorless solution to
dark blue/purple or mauve depending on the number of equivalents of
Grignard reagent used. The vessel was removed from heating and left
to cool to room temperature, while the remaining solvent was
evaporated by a stream of argon. Distilled/degassed quinoline (3.0
mL) was added to the vessel via a syringe, and the reaction mixture
was heated to reflux (≈200 °C) for 3 h under argon. After cooling, the
majority of quinoline was removed under reduced pressure, methanol
(MeOH) added, and the crude product mixture dispersed using an
ultrasonic bath. The resulting suspension was passed through a silica
plug and flushed with MeOH to remove the remaining quinoline and
other polar impurities. Once the filtrate appeared colorless, THF was
added to flush out a dark-green fraction. In one set of experiments, the
mixture was separated by atmospheric-pressure column chromatog-
raphy over silica gel [dichloromethane (DCM) eluent] to give the
various magnesium-metalated derivatives as amorphous viscous gums.
In addition, a sample of the dark-green fraction was analyzed by 1H
NMR spectroscopy to establish the composition of the mixture of
macrocyclic products (see the text).
1,4,8,11,15,18,22,25-Octaoctyltetrabenzo[b,g,l,q][5,10,15]-

triazaporphinatomagnesium (8MgTBTrAP). Using the general

procedure above (2 equiv of MeMgBr), the title compound was
separated as the first fraction as a dark-green semisolid (0.061g, 30%).
MALDI-MS: isotopic cluster at m/z 1433.05 [100%, M+]. 1H NMR
(400 MHz, toluene-d8): δ 11.23 (s, 1H), 7.98 (s, 4H), 7.93 (bd, 2H),
7.87 (bd, 2H), 5.10−4.92 (m, 12H), 4.33 (bt, 4H), 2.62−2.34 (m,
16H), 1.96−1.74 (m, 16H), 1.40−0.91 (m, 64H), 1.03−0.74 (m,
24H). UV/vis (in THF): λ = 694 nm.

1,4,8,11,15,18,22,25-Octaoctyltetrabenzo[b,g,l,q][5,10] and
-[5,15]diazaporphinatomagnesium (8MgTBcisDAP and
8MgTBtransDAP). Two additional fractions were recovered as dark-
green viscous gums from the separation above and identified as the cis
and trans isomers. However, larger amounts of the two isomers were
obtained using 3 equiv of MeMgBr. Cis isomer (from 3.0 equiv to
0.011 g, 5% yield). MALDI-MS: isotopic cluster at m/z 1432.41
[100%, M+]. 1H NMR (400 MHz, toluene-d8): δ 11.32 (s, 2H), 8.03
(s, 2H), 7.99 (bd, 2H), 7.95 (bd, 2H), 7.83 (s, 2H), 5.22−5.01 (m,
8H), 4.42 (bt, 8H), 2.64−2.39 (m, 16H), 2.02−1.72 (m, 16H), 1.48−
1.32 (m, 80H), 1.07−0.76 (m, 24H). UV/vis (in THF): λ = 633 nm.
Trans isomer (from 3.0 equiv to 0.012 g, 6% yield). 1H NMR (400
MHz, toluene-d8): δ 11.39 (s, 2H), 8.02 (d, J = 7.3 Hz, 4H), 7.95 (d, J
= 7.3 Hz, 4H), 5.16 (bt, 8H), 4.47 (bt, 8H), 2.68−2.44 (m, 16H),
1.98−1.74 (m, 16H), 1.48−1.30 (m, 80H), 0.98−0.77 (m, 24H). UV/
vis (in THF): λ = 691 nm.

1,4 ,8 ,11 ,15,18,22,25-Octaocty l tetrabenzo[b,g , l ,q] [5 ] -
monoazaporphinatomagnesium (8MgTBMAP). After elution of the
first two bands, the TBDAP derivatives, the title compound was eluted
as the main fraction to give a bright-green viscous solid (from 3.0 equiv
to 0.036 g, 18%). MALDI-MS: isotopic cluster at m/z 1431.46 [100%,
M+]. 1H NMR (400 MHz, toluene-d8): δ 11.60 (s, 1H), 11.46 (s, 2H),
8.09−7.96 (m, 4H), 7.92 (s, 4H), 5.37−5.15 (m, 8H), 4.56−4.15 (m,
8H), 2.60−2.46 (m, 16H), 1.97−1.73 (m, 16H), 1.47−1.29 (m, 64H),
1.01−0.78 (m, 24H). UV/vis (in THF): λ = 659 nm.

1 ,4 , 8 , 11 , 15 , 18 , 22 , 25 -Oc taoc ty l t e t rabenzo [b , g , l , q ] -
porphinatomagnesium (8MgTBP). The TBP derivative was obtained
by using both 3.0 and 4.0 equiv of MeMgBr using the general
procedure. Using 4.0 equiv yielded the porphyrin as the major product,
but the overall yield of the reaction was lower. In both cases, the
product was obtained as the final band to be eluted from the silica gel
column after changing the eluent (DCM/THF 50:1). The title
compound was obtained after removal of the solvent as a black viscous
gum (0.021 g, 10% from the experiment using 4 equiv of MeMgBr).
MALDI-MS: isotopic cluster at m/z 1429.90 [100%, M+]. 1H NMR
(400 MHz, toluene-d8): δ 11.81 (s, 4H), 8.03 (s, 8H), 4.70 (t, J = 7.3
Hz, 16H), 2.81−2.51 (m, 16H), 2.02−1.30 (m, 80H), 0.89 (t, J = 7.3
Hz, 24H). UV/vis (in THF): λ = 641 nm.

G e n e r a l P r o c e d u r e f o r D em e t a l a t i o n o f
1,4,8,11,15,18,22,25-Octaoctyltetrabenzo[b ,g,l,q](aza)-
porphinatomagnesium Derivatives. In a typical procedure, the
magnesium-metalated macrocycle was dissolved in glacial acetic acid
and heated at reflux for 30 min. After cooling, the mixture was poured
onto distilled water and the product extracted with hexanes. The

Figure 14. Trends in the calculated (red diamonds) and observed (blue squares) energies of the Q and B bands for the copper(II) complexes of
TBP, TBMAP, TBtransDAP, TBcisDAP, TBTrAP, and Pc. The calculated ΔHOMO values are plotted against a secondary axis (gray triangles).
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organic fraction was washed repeatedly with distilled water to remove
traces of acid and finally with brine. The fraction was then dried with
Na2SO4 and filtered and the solvent removed to give a residue that was
purified by column chromatography over silica gel (DCM).
Recrystallization of the fraction from DCM/MeOH gave the metal-
free macrocycle.
1,4,8,11,15,18,22,25-Octaoctyltetrabenzo[b,g,l,q][5,10,15]-

t r i a zapo rphy r i n ( 8H 2TBT rAP ) . 1 , 4 , 8 , 1 1 , 1 5 , 1 8 , 22 , 2 5 -
Octaoctyltetrabenzo[b,g,l,q][5,10,15]triazaporphinatomagnesium
(40.0 mg, 0.028 mmol) was demetalated in glacial acetic acid (20.0
mL) using the general procedure to afford the title compound as thin,
threadlike crystals (14.6 mg, 37%). IR (cm−1): ν 3299 (w, NH).
MALDI-MS: isotopic cluster at m/z 1410.24 [100%, M+]. 1H NMR
(400 MHz, toluene-d8, 80 °C): δ 10.83 (s, 1H), 7.89 (s, 4H), 7.87−
7.76 (m, 4H), 4.80 (t, J = 7.3 Hz, 4H), 4.74 (t, J = 7.1 Hz, 12H), 2.43−
2.20 (m, 16H), 1.84−1.68 (m, 16H), 1.53−1.41 (m, 16H), 1.34−1.26
(m, 32H), 1.25−1.17 (m, 16H), 0.90−0.77 (m, 24H), 0.14 (s, 2H).
UV/vis (in toluene): λ = 717 nm (log ε = 5.20). Thermotropic
mesophase transitions (Cr, crystal phase; Colh, hexagonal liquid crystal
phase; I, isotropic liquid; data for the second heating and first cooling
cycles): Cr 63 Colh 160 I 155 Colh 52 Cr (°C).
1,4,8,11,15,18,22,25-Octaoctyltetrabenzo[b,g,l,q][5,10]-

d iazaporphyr in (8H2TBc i sDAP) . 1 ,4 ,8 , 11 ,15 ,18 ,22 ,25 -
Octaoctyltetrabenzo[b,g,l,q][5,10]diazaporphinatomagnesium (20.0
mg, 0.014 mmol) in glacial acetic acid (10.0 mL) afforded the title
compound as small fine needlelike crystals (6.5 mg, 33%). IR (cm−1): ν
3304 (w, NH). MALDI-MS: isotopic cluster at m/z 1409.28 [100%,
M+]. 1H NMR (400 MHz, toluene-d8, 80 °C): δ 11.02 (s, 2H), 7.90 (s,
2H), 7.86−7.80 (m, 4H), 4.88−4.73 (m, 8H), 4.28−4.15 (m, 8H),
2.47−2.33 (m, 8H), 2.32−2.22 (m, 8H), 1.83−1.70 (m, 16H), 1.52−
1.37(m, 64H), 0.92−0.75 (m, 24H). UV/vis (in toluene): λ = 691 nm
(log ε = 4.86). Thermotropic mesophase transitions (data for the
second heating and first cooling cycles): Cr 67 Colh 166 I 163 Colh 59
Cr (°C).
1,4,8,11,15,18,22,25-Octaoctyltetrabenzo[b,g,l,q][5,15]-

diazaporphyrin (8H2TBtransDAP). 1,4,8,11,15,18,22,25-
Octaoctyltetrabenzo[b,g,l,q][5,15]diazaporphinatomagnesium (20.0
mg, 0.014 mmol) in glacial acetic acid (10.0 mL) afforded the title
compound as small fine needlelike crystals (6.9 mg, 35%). IR (cm−1): ν
3295 (w, NH). MALDI-MS: isotopic cluster at m/z 1409.47 [100%,
M+]. 1H NMR (400 MHz, toluene-d8, 80 °C): δ 11.14 (s, 2H), 7.94
(d, J = 7.6 Hz, 4H), 7.88 (d, J = 7.6 Hz, 4H), 4.93 (t, J = 7.4 Hz, 8H),
4.28 (t, J = 7.2 Hz, 8H), 2.46−2.31 (m, 8H), 1.86−1.72 (m, 8H),
1.53−1.40 (m, 16H), 1.38−1.34 (m, 32H), 1.32−1.24 (m, 16H),
1.23−1.16 (m, 16H), 0.89−0.75 (m, 24H), −0.95 (s, 2H). UV/vis (in
toluene): λ = 712 nm (log ε = 5.29). Thermotropic mesophase
transitions (data for the second heating and first cooling cycles): Cr 85
Colh 165 I 161 Colh 74 Cr (°C).
1,4 ,8 ,11,15,18 ,22 ,25-Octaocty l tetrabenzo[b,g , l ,q ] [5] -

monoazaporphyr in (8H2TBMAP) . 1,4 ,8 ,11 ,15 ,18 ,22 ,25-
Octaoctyltetrabenzo[b,g,l,q][5]monoazaporphinatomagnesium (40.0
mg, 0.028 mmol) in glacial acetic acid (20.0 mL) afforded the title
compound as small fine needlelike crystals (15.0 mg, 38%). IR (cm−1):
ν 3295 (w, NH). MALDI-MS: isotopic cluster at m/z 1409.47 [100%,
M+]. Anal. Calcd for C99H149N5: C, 84.37; H, 10.66; N, 4.97. Found:
C, 84.29; H, 10.61; N, 4.92. 1H NMR (400 MHz, toluene-d8, 80 °C): δ
11.34 (s, 1H), 11.21 (s, 2H), 8.02−7.91 (m, 4H), 7.89 (s, 4H) 5.01 (t,
J = 7.5 Hz, 8H), 4.48−4.27 (m, 8H), 2.53−2.35 (m, 16H), 1.92−1.74
(m, 16H), 1.61−1.16 (m, 80H), 0.94−0.77 (m, 24H), −0.80 (s, 2H).
UV/vis (in toluene): λ = 682 nm (log ε = 5.16). Thermotropic
mesophase transitions (data for the second heating and first cooling
cycles): Cr 87 Colh 174 I 171 Colh 75 Cr (°C).
1,4,8,11,15,18,22,25-Octaoctyltetrabenzo[b,g,l,q]porphyrin

( 8H 2TBP ) . 1 , 4 , 8 , 1 1 , 1 5 , 1 8 , 2 2 , 2 5 - 1 , 4 , 8 , 1 1 , 1 5 , 1 8 , 2 2 , 2 5 -
Octaoctyltetrabenzo[b,g,l,q]porphinatomagnesium (10.0 mg, 0.007
mmol) in glacial acetic acid (20.0 mL) afforded the title compound
as small fine needlelike crystals (2.95 mg, 30%). IR (cm−1): ν 3314 (w,
NH). MALDI-MS: isotopic cluster at m/z 1407.12 [100%, M+]. 1H
NMR (400 MHz, toluene-d8, 80 °C): δ 11.53 (s, 4H), 7.95 (s, 8H),
4.50 (t, J = 7.3 Hz, 16H), 2.53−2.42 (m, 16H), 1.87−1.77 (m, 16H),

1.53−1.32 (m, 48H), 1.29−1.24 (m, 16H), 0.85 (t, J = 7.1 Hz, 24H),
−1.99 (s, 2H). UV/vis (in toluene): λ = 676 nm (log ε = 4.83).
Thermotropic mesophase transitions (data for the second heating and
first cooling cycles): Cr 110 Colh 179 I 174 Colh 98 Cr (°C).

Genera l Procedure for Copper Meta lat ion of
1,4,8,11,15,18,22,25-Octaoctyltetrabenzo[b ,g,l,q](aza)-
porphyrin Derivatives. In a typical experiment, the metal-free
macrocycle (1 equiv) and copper acetate monohydrate (1.5 equiv)
were dispersed in 1-pentanol using an ultrasonic bath. The mixture
was stirred and heated at reflux for 15 min. After cooling, the product
was precipitated in distilled water, extracted with DCM, and washed
repeatedly with water to remove inorganic residues. The organic
extract was dried with Na2SO4 and the solvent evaporated to give the
required copper-metalated macrocycle. Column chromatography over
silica gel (DCM) gave the product as a single fraction, which was
recrystallized from DCM/MeOH.

1,4,8,11,15,18,22,25-Octaoctyltetrabenzo[b,g,l,q][5,10,15]-
triazaporphinatocopper (8CuIITBTrAP). Following the above general
procedure, 1,4,8,11,15,18,22,25-octaoctyltetrabenzo[b,g,l,q][5]-mono-
azaporphyrin (40.0 mg, 0.028 mmol) was reacted with copper acetate
monohydrate (7.73 mg, 0.043 mmol) in 1-pentanol (10.0 mL).
Column chromatography and recrystallization afforded the title
compound as threadlike, blue-green crystals (28 mg, 67%). MALDI-
MS: isotopic cluster at m/z 1470.29 [100%, M+]. Anal. Calcd for
C97H145N7Cu: C, 79.10; H, 9.92; N, 6.66. Found: C, 78.97; H, 9.82; N,
6.75. UV/vis (in toluene): λ = 702 nm (log ε = 4.91). Thermotropic
mesophase transitions (data for the second heating and first cooling
cycles): Cr 121 Colr 156 Colh 216 I 214 Colh 154 Colr 106 Cr (°C).

1,4,8,11,15,18,22,25-Octaoctyltetrabenzo[b,g,l,q][5,10]-
diazaporphinatocopper (8CuIITBcisDAP). Using the above procedure,
1,4,8,11,15,18,22,25-octaoctyltetrabenzo[b,g,l,q][5,10]diazaporphyrin
(10.0 mg, 0.007 mmol) was reacted with copper acetate monohydrate
(1.93 mg, 0.011 mmol) in pentanol (10.0 mL). Workup, purification,
and recrystallization afforded the title compound as a blue solid (7.3 mg,
70%). MALDI-MS: isotopic cluster at m/z 1471.40 [100%, M+]. Anal.
Calcd for C98H146N6Cu: C, 79.97; H, 10.00; N, 5.71. Found: C, 79.82;
H, 9.87; N, 5.67. UV/vis (in toluene): λ = 667 nm (log ε = 5.22).
Thermotropic mesophase transitions (data for the second heating and
first cooling cycles): Cr 135 Colh 199 I 190 Colh 119 Cr (°C).

1,4,8,11,15,18,22,25-Octaoctyltetrabenzo[b,g,l,q][5,15]-
diazaporphinatocopper (8CuIITBtransDAP). Using the above proce-
dure, 1,4,8,11,15,18,22,25-octaoctyltetrabenzo[b,g,l,q][5,15]-
diazaporphyrin (10.0 mg, 0.007 mmol) in pentanol (10.0 mL) was
reacted with copper(II) acetate (7.73 mg, 0.043 mmol). Workup,
purification, and recrystallization afforded the title compound as a blue
solid (7.4 mg, 70%). MALDI-MS: isotopic cluster at m/z 1471.48
[100%, M+]. Anal. Calcd for C98H146N6Cu: C, 79.97; H, 10.00; N,
5.71. Found: C, 79.82; H, 9.77; N, 5.79. UV/vis (in toluene): λ = 698
nm (log ε = 5.23). Thermotropic mesophase transitions (data for the
second heating and first cooling cycles): Cr 28 Colh 115 I 94, Colh 19
Cr (°C).

1,4 ,8 ,11 ,15,18,22,25-Octaocty l tetrabenzo[b,g , l ,q] [5 ] -
monoazaporphinatocopper (8CuIITBMAP). Following the above
procedure, 1,4,8,11,15,18,22,25-octaoctyltetrabenzo[b,g,l,q][5]-
monoazaporphyrin (40.0 mg, 0.028 mmol) in pentanol (10.0 mL)
was reacted with copper(II) acetate (1.93 mg, 0.011 mmol). Workup,
purification, and recrystallization gave the title compound as a blue solid
(31.4 mg, 75%). MALDI-MS: isotopic cluster at m/z 1469.62 [100%,
M+]. Anal. Calcd for C99H147N5Cu: C, 80.84; H, 10.07; N, 4.76.
Found: C, 80.90; H, 10.01; N, 4.70. UV/vis (in toluene): λ = 663 nm
(log ε = 5.03). Thermotropic mesophase transitions (data for the
second heating and first cooling cycles): Cr 62 Colr 119 Colh 196 I 189
Colh 103 Cr (°C).

1 ,4 , 8 , 11 , 15 , 18 , 22 , 25 -Oc taoc ty l t e t rabenzo [b , g , l , q ] -
porphinatocopper (8CuIITBP). Using the procedure above,
1,4,8,11,15,18,22,25-octaoctyltetrabenzo[b,g,l,q]porphyrin (5.0 mg,
0.0035 mmol) in pentanol (5.0 mL) was reacted with copper(II)
acetate (0.97 mg, 0.005 mmol). After workup and reprecipitation, the
title compound was obtained as a blue amorphous solid (3.4 mg, 65%).
MALDI−MS: isotopic cluster at m/z 1467.62 [100%, M+]. UV/vis (in
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toluene): λ = 639 nm (log ε = 4.77). Thermotropic mesophase
transitions (data for the second heating and first cooling cycles): Cr 96
Colh 237 I 223 Colh 77 Cr (°C).
TD-DFT Calculations. Theoretical calculations were carried out

using the G03W software package.29 The B3LYP functional was used
with 6-31G(d) basis sets for both geometry optimizations and TD-
DFT calculations for the series of partial aza-substituted copper(II)
complexes CuIIPc and CuIITBP. The octyl substituents were
substituted with hydrogen atoms to simplify the calculations. A near-
planar structure for the core of 8CuIITBTrAP has been demonstrated
by X-ray crystallography in this work, vide infra. X-ray crystal
structures of the 1,4,8,11,15,18,22,25-octahexyl-MgTBTrAP and
-MgTBMAP complexes10 revealed similar near-planar structures.

■ CONCLUSIONS
The synthetic chemistry reported in this paper confirms the
findings of an earlier study from one of our laboratories that the
reaction of varying equivalents of MeMgBr with 3,6-
dialkylphthalonitrile provides access to mixtures of hybrid
macrocycles and the TBP analogue. For the first time, both cis
and trans isomers of the TBDAP macrocycle are isolated, giving
access to the full series. The use of 2 or 3 equiv of MeMgBr
gives the highest aggregate yield of the hybrid compounds.
Chromatographic separation of the individual components of
the mixtures was readily achieved, no doubt attributable to
some extent to the solubility of the compounds through the
presence of eight alkyl substituents at the nonperipheral
positions. As expected, the new (copper) derivatives displayed
columnar liquid-crystal behavior. However, it was revealed that
the diazaporphyrins (8CuIITBDAPs) did not follow the general
trend; the mesophase behavior for 8CuIITBtransDAP is
particularly anomalous with both the melting and clearing
points depressed by around 100 °C compared to other
derivatives in the series.
Michl’s perimeter model provides a readily accessible

conceptual framework for analyzing and predicting trends
observed in the experimental and calculated optical spectra.
The trends in the spectra and DFT calculations for the
8CuIITBMAP, 8CuIITBtransDAP, 8CuIITBcisDAP, and
8CuIITBTrAP complexes were found to be fully consistent
with those reported previously for the dianion species of
TBMAP, TBcisDAP, TBtransDAP, and TBTrAP on the basis of
semiempirical ZINDO calculations.16
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