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Global versus Local Aromaticity in Porphyrinoid Macrocycles:
Experimental and Theoretical Study of “Imidacene”,
an Imidazole-Containing Analogue of Porphycene

Andrew L. Sargent,**! Tan C. Hawkins,*! William E. Allen,*! Hong Liu,*!
Jonathan L. Sessler,*"! and Christopher J. Fowler!®!

Abstract: The synthesis, spectroscopic
properties, and computational analysis
of an imidazole-based analogue of por-
phycene are described. The macrocycle,
given the trivial name “imidacene”, was
prepared by reductive coupling of a
diformyl-substituted 2,2"-biimidazole us-
ing low-valent titanium, followed by
treatment with 2,3-dichloro-5,6-dicya-
no-1,4-benzoquinone. Imidacene dis-
plays a porphyrin-like electronic struc-
ture, as judged by its 'HNMR, “C NMR,

absence of light and air. A series of
high-level theoretical calculations, per-
formed to probe the origin of this
instability, revealed that the presence
of a delocalized 18 m-electron pathway
in both imidacene and porphycene pro-
vides less aromatic stabilization energy
than locally aromatic 6 m-electron het-
erocycles in their reduced counterparts.
That reduction of imidacene occurs on
perimeter nitrogen atoms allows it to
maintain its planarity and two stabilizing

intramolecular hydrogen bonds, thereby
distinguishing it from porphycene and,
more generally, from porphyrin. Despite
the presence of both 18 m- and 22 m-
electron pathways in the planar, reduced
form of imidacene, aromaticity is evi-
dent only in the 6 m-electron five-mem-
bered rings. Our computational analysis
predicts that routine 'H NMR spectro-
scopy can be used to distinguish between
local and global aromaticity in planar
porphyrinoid macrocycles; the differ-

and UV/Vis spectral characteristics. De-
spite a cyclic 18 m-electron pathway,
dichloromethane or ethyl acetate solu-
tions of imidacene were found to under-
go rapid decomposition, even in the

annulenes .
biimidazoles -

Introduction

Porphyrin contains an 18 m-electron pathway and has long
been considered a quintessential aromatic system. To probe
the limits of large-scale electron delocalization, numerous
structural isomers of porphyrin, and derivatives containing
heteroatoms other than nitrogen, have been synthesized.!
The consensus impression that has emerged from these
studies is that Nature’s recipe for porphyrinoid aromatici-
ty—four heterocycles connected by various combinations of
direct linkages or sp? hybridized bridging groups—is quite
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ence in the chemical shift for the inter-
nal NH protons is expected to be on the
order of 19 ppm for these two electroni-
cally disparate sets of ostensibly similar
compounds.

forgiving, provided that a planar array containing a 4n+2 -
electron conjugation pathway can be accommodated. Among
the ever-increasing number of polypyrrole macrocycles that
cannot become “globally” aromatic are the so-called calix-
pyrroles and calixphyrins,? which are stable toward oxidation
because they lack hydrogen atoms on the meso carbons, and
expanded porphyrins that are incapable of assuming a flat
geometry.®l Although non-planar globally aromatic porphyr-
inoid systems are known,! the m-orbital overlap and, hence,
the electron delocalization, is maximized in planar structures.

Computational approaches to the study of aromaticityl”!
and, in particular, the delineation of large molecules into
locally and globally aromatic regions, include the calculation
of aromatic stabilization energies (ASEs)! or resonance
energies (RE);l these have been recently upstaged by
methods that use the harmonic oscillator model of aromaticity
(HOMA),®! nucleus independent chemical shifts (NICS),"!
and the continuous transformation of origin of current
densities (CTOCD).['l Chemical systems ranging from full-
erenes['!l to benzocyclynesl'? have been analyzed to deter-
mine the extent of global versus local aromaticity, and these
studies have been motivated, in large part, by the desire to
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understand the chemical properties and reactivity associated
with the two classifications. In this paper we bring a
combination of approaches to bear upon a newly synthesized
porphyrin-like molecule that displays unexpectedly low
stability, in spite of the presence of a formal 4n+2 m-electron
pathway.

The molecule that motivated this study is the imidazole-
containing macrocycle 1, to which we have given the trivial
name “imidacene” in order to highlight its structural sim-
ilarity to porphycene. Our efforts attempt to answer several
questions, including: how can imidacene (1) and porphycene
(Pc), two very closely related macrocycles, exhibit opposite
relative stabilities with respect to their reduced counterparts?
Additionally, how can the precursor to 1, “dihydroimidacene”
(5), which formally possesses both 18- and 22 m-electron
pathways, display none of the spectral characteristics of a
globally aromatic porphyrinoid?

Results and Discussion

Synthesis: In analogy to the procedure used to prepare
various porphyrin isomers and expanded porphyrins, prepa-
ration of imidazole-based porphyrinoids was expected to
proceed via a biimidazole dialdehyde. Following a strategy
similar to the one used to prepare porphycene,! it was
expected that Ti-mediated dicarbonyl coupling of two biimi-
dazole molecules would install the bridging CH=CH units of
the macrocycle. Thus, initial work focused on converting the
known biimidazole diester 2('¥l to the corresponding dialde-
hyde 4 (Scheme 1). Treatment of 2 with DIBAL-H in CH,Cl,

—78°C was ineffective; only a diol (from over-reduction)
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Scheme 1.

2

and unchanged diester 2 could be detected in the reaction
mixture. The failure to effect the direct transformation of 2 to
the desired diformyl intermediate 4 forced us to pursue a
more lengthy ester — alcohol — aldehyde conversion se-
quence. In pursing this strategy, it was found that diol 3 was
produced in 92 % yield by treatment of 2 with LiAlH, in THF
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for 3 d at RT. Efforts to increase the rate of this reaction by
heating at reflux caused complete deoxygenation of the
biimidazole, giving rise to the corresponding dimethyl deriv-
ative.l'¥] Thus, a more optimal set of conditions was sought
and, in due course, it was found that 3 could be produced in
almost quantitative yield in 2 h by treating 2 with DIBAL-H
in THF at reflux.

Oxidation of diol 3 to the corresponding dialdehyde 4 could
be effected in low yield (20%) by using Collins’s reagent
(prepared in situ in CH,Cl,), or in up to 60 % yield by treating
3 with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in
THEF. The low yield of the former procedure arose from over-
oxidation of the initially formed, highly soluble aldehyde(s) to
carboxylic acid(s) during the long reaction time required for
complete consumption of 3. Other oxidation attempts,
including the use of MnO, or Swern conditions (DMSO,
(COCQl),, Et;N), were unsuccessful.

With the requisite macrocycle precursor 4 in hand, a model
Ti-promoted carbonyl coupling reaction was run using a
simple commercially available carbonyl-containing imidazole,
namely 5-methyl-4-imidazolecarboxaldehyde. Specifically,
TiCl,/Zn was used to generate a low-valent titanium reagent,
at which point the imidazole aldehyde was added to the
reaction vessel. Under these reaction conditions, the expected
trans-alkene product was obtained in 54 % yield, along with
14% of the cis isomer. The use of this protocol, but under
conditions of high dilution, then afforded the tetrapropyldi-
hydroimidacene (5) as a yellow solid in ~2 % yield.'"! As the
trans intermediate is presumably dominant along the reaction
pathway, the yield of macrocycle (generated from the cis
species only) is very low. However, 5 is the only nonpolymeric
compound produced under the reaction conditions. It was
thus readily purified by column chromatography over silica gel.

In the preparation of porphycene, the presumed [20]annu-
lene intermediate H,Pc is so susceptible to autoxidation that it
escapes detection even when oxygen is excluded from the
McMurry reaction medium.['! In contrast, macrocycle 5 does
not undergo spontaneous two-electron oxidation under the
Ti-coupling conditions. During subsequent workup, however,
traces of oxidized material can be observed by TLC as a spot
which is blue under ordinary room light. Compound 5 was
found to be indefinitely stable in the solid state, and has been
stored in CH,Cl, or EtOAc solution for months under
anaerobic conditions.

In our case, treatment with strong oxidants {such as DDQ
or [Mn'(acac)]} is required to effect complete oxidation.
Addition of such oxidants to yellow solutions of dihydroimi-
dacene 5 in CH,Cl, caused them to turn dark blue immedi-
ately, a change that was considered to reflect the formation of
imidacene (1). When DDQ was used as the oxidant, 1 was
obtained in 90% yield after column chromatography. Bub-
bling O, into CH,Cl, or EtOAc solutions of 5 for one week
does not effect complete oxidation, as judged by the fact that
they retain a persistent green color.

Spectroscopy: In CDCI;, the room-temperature 'H NMR
spectrum of dihydroimidacene (5) displays only five sets of
peaks when scanned from 12 to —2 ppm: three from the
hydrogens of the propyl groups, a singlet at 5.86 ppm assigned
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to the bridging CH=CH fragments, and a very broad singlet
centered about 8.3 ppm ascribed to the NH protons. (The NH
protons readily exchange with adventitious H,O, as judged by
their overly large integral value (> 6 H).) The simplicity of this
spectrum suggests that rapid NH tautomerism takes place on
the NMR time-scale. Dihydroimidacene is clearly not globally
aromatic, as the singlet at 5.86 ppm is similar to those of the
corresponding vinylic protons in simplel'®l and bridged macro-
cyclic [4n]annulenes.'” Complementary to the 'H NMR
spectrum, seven signals occur in the 3*C NMR spectrum; the
resonance at 113.8 ppm is assigned to the sp*-hybridized
carbon atoms of the CH=CH bridges.

The 'H NMR spectrum of 1 is consistent with its presumed
global aromaticity. All of the protons, except those of the NH
groups, experience pronounced downfield shifts. Protons H-9,
10, 19, and 20 of the imidacene skeleton appear as a singlet at
low field (0 =9.53 ppm, i.e., at a chemical shift typical for
bridging methine units of porphyrins). The NH protons of
normal porphyrins typically appear upfield from TMS (-2 to
—4 ppm). However, no peaks were observed in this region of
the spectrum for 1. Instead, a broad singlet at 2.02 ppm is
tentatively ascribed to these hydrogen atoms (see below). For
comparison, the inner NH atoms of tetrapropylporphycene
resonate at about 3.0 ppm.["¥! In the *C NMR spectrum of 1,
like in that of §, seven signals are observed. One of the carbon
atoms of the imidazole rings exhibits an unusual deviation,
undergoing a downfield shift from about 140 to 172 ppm,
while the other quaternary carbons are observed in the typical
aromatic region (= 140 ppm, similar to those in 2—5) (see below).

The electronic absorption spectrum of 1 in CH,Cl, is also
consistent with a globally aromatic, porphyrin-like 18 -
electron compound. It consists of a Soret-like band at 1=
373 nm (¢ =130000), a shoulder at 380 nm, and three longer-
wavelength Q-type bands at A =611 (49000), 645 (59000), and
686 nm (77000) (Figure 1). This absorption pattern resembles

0.7 -

absorbance
o N o o
w IS 3 o
T T
s - —

o
(V)

o

e
T

—

0 — .
300 400 500 600 700
wavelength [nm]

Figure 1. Electronic absorption spectrum of 1 (6.1 x 10~°m) in CH,Cl,.

that of tetrapropylporphycenel® (in CH,Cl,, A=370 (¢=
142000), 381 (100200), 560 (36400), 600 (34100), 633 nm
(48200)). However, the Q bands of imidacene (1) are more
intense and are red-shifted by about 50 nm relative to those of
tetrapropylporphycene. According to the perimeter mod-
el,l* ¥ a relatively large Q/Soret intensity ratio, coupled with a
large splitting between the two components of the LUMO
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pair, are characteristics of so-called “negative-hard” chromo-
phores like porphycene. Given the similarities in structure, 1
would be expected to fall under this class as well. For solutions
of 5 in either CH,Cl, or CH;CN, no peaks are observed from
400-800 nm, indicative of its lack of porphyrinoid aromatic-
ity. Furthermore, its absorption bands in the higher-energy
region of the spectrum are almost an order of magnitude less
intense than typical Soret bands.

Once formed, 1 does not display the characteristic stability
of porphyrins. For example, spectroscopic studies have shown
that imidacene is very sensitive to acid. Upon treatment with
1 pL of neat CF;COOH, a blue sample of 1in CH,Cl, (3.0 mL
of a 6 x 10-°m solution) turns yellow within 30 s. The Q bands
completely disappear, indicating that the resulting decom-
position product(s) do not retain a porphyrin-like electronic
structure. Furthermore, in the absence of acid, nitrogen-
purged CH,CI, solutions of 1 slowly turn from blue to green,
even when they are excluded from light. The unexpected low
chemical stability of 1 prompted us to examine its properties
(and those of its precursor 5) using computational methods.
To put the results in context, we applied the same theoretical
treatments to other porphyrinoids, as described below.

Theoretical analysis: Three criteria for defining aromaticity
were utilized with the understanding that each has known
limitations which prevent its use as the sole criterion for
making comprehensive characterizations.?] In this context,
the three criteria were evaluated to provide a measure of self-
consistency and were based on 1) energetics, 2) magnetic
properties, and 3) structural properties. Details of the three
methods are described in the Experimental Section.

The data listed in Table 1 support the contention that
locally aromatic porphyrinoid macrocycles possess more
resonance stabilization energy (i.e., larger ASEs) than their
globally aromatic counterparts. In the absence of other
overriding energetic factors such as stabilizing hydrogen
bonding or destabilizing steric crowding, the larger ASE
may favor the reduced, or locally aromatic, form of the
macrocycle (e.g., 5). In porphycene and porphyrin, this is not
the case as the reduced form of the macrocycle is energetically
destabilized by steric crowding and a loss of N-H -« N bonding
in the binding pocket. Imidacene 1, however, is unique in this
regard. Reduction of 1 occurs at the exocyclic, perimeter N
atoms, enabling both the oxidized and reduced forms of the
macrocycle to be sterically unencumbered and maintain not
only planarity but also the two strong N-H--- N bonds in the
binding pocket. Assuming that planarity, sterics, and hydro-
gen bonding play an important role in the stability of the
molecule, compounds 1 and 5 provide a unique “matched set”
with which to assess the contributions of local and global
aromaticity. Since, in the gas phase, both oxidized and reduced
species are planar, have two stabilizing intramolecular hydro-
gen bonds, and possess at least two locally aromatic five-
membered rings, the relative stabilities are likely governed by
additional local or global aromaticity.

The NICS and HOMA values listed in Table 1 for the
various molecules clarify which rings within the macrocycles
are aromatic. The values support the assertion that imidacene
1 and porphycene Pc possess both local (6 m-electron) and
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Table 1. Calculated ASEs [kcalmol~!], NICS [ppm], and HOMA values
for various porphyrinoid macrocycles.

Macrocycle ASE® NICS®! HOMAU
a:—1291 a: 0.820
—12.69 0.819
12.281d] 0.76914
38.9 b: —4.54 b: 0.659
>—< —4.81 0.666
7 N" —3.70Md] 0.57314
¢ oy | c: —13.96 c: 0.909
XN N —13.73 0911
A\ S ‘ —13.98 0.91114
—
N a: —11.73 a: 0.942
—11.73 0.942
—11.2814 0.92114
91.5l¢l b: —11.75 b: 0.900
—11.71 0.900
—11.12 0.88314
c: +4.27 c: 0.556
‘ +4.44 0.558
+4.184 0.56714
a: —14.31 a: 0.748
—14.09 0.746
551 b: —5.85 b: 0.518
—6.09 0.527
c: — 1524 c: 0.910
—15.05 0.911
a: —10.39 a: 0.836
—10.40 0.839
88.4 b: —10.39 b: 0.836
—10.40 0.839
c:+544 c: 0.487
+5.46 0.488
a: —10.28 a: 0.874
—10.27 0.876
T 2- 107.7 b: —10.32 b: 0.857
—10.33 0.859
c: +734 c: 0.542
+7.48 0.544
a: —10.09 a: 0.921
—10.09 0.922
—10.15 0.916
72.8 b: —10.01 b: 0.919
—10.04 0.920
—10.13 0.912
c: +572 c: 0.520
+5.89 0.523
+5.90 0.511

[a] Computational level is B3LYP/6-31G. [b], [c] Computational level is
GIAO-SCF/6-31+G*//B3LYP/6-31G*. Italicized values correspond to
GIAO-SCF/6-31+G**//B3LYP/6-31G**. Bold values correspond to
GIAO-SCF/6-31++G**//B3LYP/6-31+G**. [d] Correspond to tetrapropyl
analogue. [e] The “all N-H in” tautomer of 5 is +37.38 kcal mol~! higher in
energy, and thus its ASE was not evaluated.

a| " )

global (18 m-electron) aromatic pathways (rings “a” and “c”
respectively) while dihydroimidacene 5, dlhydroporphycene
H,Pc and the dianions of imidacene and porphycene possess
only locally aromatic pathways (rings “a” and “b”). Interest-
ingly, despite the presence of 18- and 22 m-electron pathways
(Figure 2), macrocycle 5 is exclusively locally aromatic, in
agreement with the experimental spectroscopic findings.
Unlike typical porphyrinoid macrocycles, 5 possesses cyclic
6 m-, 18 m-, and 22 m-electron pathways, yet exhibits
delocalization only among the 6 m-electron paths. Important-
ly, the NICS and HOMA values calculated with larger basis
sets did not significantly alter the results.

That imidacene has a lower ASE than porphycene (38.9 vs
55.1 kcalmol™') is understandable in light of the fact that the
ASE of imidazole is lower than that for pyrrole. The ASE of
dihydroporphycene, however, is lower than that for dihydro-
imidacene (88.4 vs 91.5 kcalmol~!) and may be a consequence
of the geometric perturbation resulting from the steric
congestion in the macrocyclic pocket and the consequent
decrease in aromaticity. Although both the EN and GEO
terms of HOMA for the pyrrole rings are smaller for
dihydroporphycene (0.102, 0.062) than for porphycene
(0.144, 0.108), indicating that the average bond length is
closer to the optimal value and that there is less bond length
alternation in dihydroporphycene, the steric repulsion within
this molecule results in significant sp® hybrid character at the
nitrogen atoms. This, in turn, adversely affects the overlap of
the two 7 electrons of the nitrogen atom with the w system of
the ring and therefore yields a smaller ASE. The rigorously
planar porphycene dianion does not suffer this fate and
consequently exhibits a higher value of the ASE, relative to
the corresponding imidacene dianion, as expected based on
the higher ASEs of the constituent pyrrole rings.

The calculated *C and 'H NMR spectra for 1 and 5 are
shown in Figures 3 and 4, respectively. Calculated chemical
shifts of symmetry-equivalent nuclei were averaged to ac-
count for the facile N-H tautomerization within these
molecules.'”) For the 3C NMR data, agreement between the
experimental and calculated chemical shifts is remarkable. In
particular, theory correctly predicts that the 3C resonance of
1 at lowest field lies far outside the region of typical aromatic
carbons (Ogypy = 172.8 ppm; Oyeq = 176.7 ppm). The experimental
spectrum of tetrapropylporphycene, on the other hand, displays
no resonances beyond 145 ppm. The unusual downfield signal
of 1 arises from imine-like character at the imidazole carbons
isolated from the 18 m-electron pathway of the “internal
cross”? (Figure 2 a illustrates the internal cross for 5.)

For the calculated 'H NMR spectra, it is important to note
that inclusion of polarization functions on hydrogen impacts,
as expected,?!! the chemical shifts of the protons involved in

N N
\>_<\ N\
_ n‘ .
= ;
N N N

H

/IZ T

ZT Z

Figure 2. Possible m-electron delocalization pathways in d1hydr01m1dacene 5. a) 18 m-electron “internal cross”; b) 22 m-electron perimeter; c) 18 m-electron

bridged [18]annulene; and d) 6 m-electron five-membered rings.
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Figure 3. Simulated *C NMR spectrum of a) 1 and b) 5 calculated at the
GIAO-SCF/6-31+G*//B3LYP/6-31G* level of theory.

hydrogen bonding. As shown in
Figure 4b, the inner NH pro-
tons of imidacene are predicted
to resonate at 1.17 ppm at this N N
level of theory. The result is in =~ \N
reasonable agreement with our
experimental assignment of the
singlet at about 2.0 ppm. When
hydrogen polarization func-

the individual rings. The difference in 6 calculated for the NH
proton in imidazole and a non-macrocyclic system such as
biimidazole, for instance, is only 1.26 ppm (6 =7.91, 9.17 ppm
for imidazole and biimidazole, respectively). Accounting for
the influence of a total of four imidazoles therefore yields an
overall chemical shift of 6=11.69 ppm for the inner NH
protons, falling far short of the predicted 6 =19.49 ppm for
the corresponding locally aromatic macrocycle (Figure 4¢e).

Our calculations suggest that this effect is general for planar
porphyrinoid macrocycles and that it serves as a fingerprint
for either local or global aromaticity in these systems. The
dianion of porphycene is known?? and calculations on this
system predict that the NH protons will exhibit a large
downfield chemical shift: neutral porphycene 6 = —0.78 ppm,
porphycene dianion 6 =21.70 ppm (yielding change in 6 =
22.48 ppm), at the GIAO-SCF/6-31+G**/B3LYP/6-31G**
level of theory.
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Figure 4. Simulated 'H NMR spectrum of imidacene a) R = H, at GIAO-SCF/6-31+G*//B3LYP/6-31G*;b) R =
H, at GIAO-SCF/6-31+G**//B3LYP/6-31G**; c¢) R=CH,CH,CH;, at GIAO-SCF/6-31+G*//B3LYP/6-31G*
and dihydroimidacene; d) R'=H, at GIAO-SCF/6-31+G*//B3LYP/6-31G*; e) R'=H, at GIAO-SCF/6-
31+G**//B3LYP/6-31G**; f) R' = CH,CH,CHj;, at GIAO-SCF/6-31-+G*//B3LYP/6-31G*.
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Figure 5. Effects of ring currents in an applied magnetic field for the
a) locally aromatic 5 and b) globally aromatic 1.

This dianion can be compared to the one produced by
reduction of free base porphyrin. The latter species, which is
not to be confused with the dianion produced by double
deprotonation of porphyrin, is a tetraradical, with the
unpaired electrons located on each of the four methyne
bridges. As such, the locally aromatic molecule could possess
a mixed spin-state with contributions from the singlet, triplet,
and quintet states. Preliminary calculations suggest that the
triplet is dominant, but that the quintet plays a significant role
in the mixed spin-state system. Evaluation of the chemical
shift for this system is not trivial, but calculations are in
progress. To the extent that they can be predicted with
reliability, a benefit of the present study will be a more
complete understanding of the factors that regulate the
electronic structure features of porphyrin-type systems and
an improved ability to predict which among myriad possible
target porphyrin analogue structures will display high chem-
ical stability or interesting spectroscopic features. On a very
different and more experimental level, this work leads to the
prediction that conjugated macrocycles containing imidazole
and biimidazole subunits may prove challenging to make but
will surely display features very different from their pyrrole-
containing analogues.

Experimental Section

(4-Hydroxymethyl-5,5'-dipropyl-1H,1’' H-[ 2,2’ |biimidazolyl-4-yl)-methanol
3)

Method A : Diester 2 (4.65 g, 12.8 mmol) was added slowly to a suspension
of lithium aluminum hydride (95%, 1.82 g, 48.0 mmol) in dry THF
(200 mL) at 0°C. The reaction mixture was allowed to warm to RT. After
3 d, ice water was added dropwise until gas evolution ceased. The volatile
components were removed by rotary evaporation to afford a slate-green
solid. The solid was suspended in water (125 mL), and 10% aqueous HCI
was added dropwise until the pH was 7-8. A light pink precipitate was
removed by suction filtration and was washed with small portions of water.
The filter cake was added to boiling CH;OH (200 mL); this suspension was
then filtered to remove insoluble salts. Evaporation of the filtrate provided
diol 3 as a light pink solid (3.28 g, 92%).

Method B: DIBAL-H in toluene (1.0M, 29 mL, 29.0 mmol) was added
dropwise to a suspension of diester 2 (1.50 g, 4.14 mmol) in dry THF
(50 mL) at 0°C under N,. After 30 min, the ice bath was removed and the
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flask was heated to reflux for an additional 2 h. During this time, the
reaction mixture became homogeneous. The mixture was cooled to 0°C
and the excess DIBAL-H was destroyed by dropwise addition of 10 % HCI
(5mL) and H,O (50 mL). After stirring for 2h, the precipitate was
removed by filtration through a layer of Celite. The Celite was washed with
methanol (100 mL), and the filtrate was evaporated under reduced
pressure. Saturated aqueous NaHCO,; (20mL) was added, and the
suspension was magnetically stirred for 10 min. The white solid product
was collected by filtration, washed with water, and dried to give diol 3
(113 g,98%). '"H NMR (CD;0D): 6 =0.97 (t, 6H, CH,CH,CH,), 1.70 (m,
4H, CH,;CH,CH,), 2.65 (t, 4H, CH;CH,CH,), 4.54 (s, 4H, CH,OH);
3C NMR (CD;0D): 6 =14.2, 24.4, 28.0, 56.4,134.7,138.6.

5,5'-Dipropyl-1H,1’ H-[2,2']biimidazolyl-4,4'-dicarbaldehyde (4)

Method A: Under N,, CrO; (1.10 g, 10.8 mmol) was added to dry pyridine
(1.75 g, 21.6 mmol) in dry CH,Cl, (100 mL). The reaction mixture was
stirred at RT for 30 min and was then cooled to 0°C. Diol 3 (0.50 g,
1.8 mmol) was added in one portion at 0°C. The ice bath was removed, and
stirring was continued for 2 h. After passing the reaction mixture through a
pad of silica gel and washing the pad with ethyl acetate (50 mL), the filtrate
was washed with 2% NaOH (2 x 50 mL), then brine. The organic phase
was dried over Na,SO, and concentrated in vacuo. Flash chromatography
over silica gel eluting with ethyl acetate gave dialdehyde 4 as a yellow solid
(0.099 g, 20%).

Method B: Diol 3 (0.50 g, 1.8 mmol) and 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (98 %, 0.85 g, 3.67 mmol) were added to dry THF (80 mL),
and the dark violet-black reaction was stirred for 48 h at RT. TLC analysis
(silica gel, CHCly/CH;OH 10:1) showed the presence of a new fast spot
glowing blue under shortwave UV light. The mixture was diluted with ethyl
acetate (150 mL), then was washed with 1% NaOH (4 x 25 mL) and brine.
The NaOH solution was extracted with ethyl acetate (2 x 50 mL), and the
combined organic layers were dried over MgSO, and concentrated by
rotary evaporation. The crude product (a tan foam) was purified by flash
chromatography over silica gel eluting with CHCL;/CH;OH 10:1 to afford
compound 4 (0.30g, 60%). 'H NMR (CDCL): 6=096 (t, 6H,
CH;CH,CH,), 173 (m, 4H, CH;CH,CH,), 2.92 (t, 4H, CH;CH,CH,),
9.82 (s, 2H, CHO); C NMR (CDCl): 6 =14.0, 23.5, 27.3, 137.1, 139.9,
146.4, 185.1; elemental analysis caled (% ) for C,;H;jN,O, - %H,O: C 60.80,
H 6.65, N 20.26; found: C 60.80, H 6.64, N 20.25.

2,7,12,17-Tetrapropyldihydroimidacene (5): A flame-dried 500 mL three-
necked round-bottomed flask was charged with Zn dust (3.65¢g,
54.7 mmol), pyridine (1.0 mL), and dry THF (120 mL). The mixture was
cooled to 0°C under N,, then TiCl, (3.0 mL, 27 mmol) was added dropwise.
The resulting mixture was heated to reflux for 3 h. Dialdehyde 4 (0.50 g,
1.8 mmol) was added in one portion, and stirring was continued at reflux for
an additional 4 h. The reaction was cooled to RT, and was filtered through a
bed of Celite. The filter cake was washed with ethyl acetate. The filtrate was
washed with 10% H,SO, (2 x 100 mL) and brine; the aqueous layer was
then extracted with ethyl acetate (2 x 150 mL). The combined organic
layers were neutralized by adding 10% aqueous NaOH (80 mL) and
stirring at RT for 30 min. Filtration through a bed of Celite removed a white
precipitate that formed during neutralization. The filtrate was washed with
brine and dried over Na,SO,. Filtration and flash column chromatography
over silica gel using CHCl;/CH;OH 10:1 gave the product 5§ as a yellow
solid (10 mg, 2%). '"H NMR (CDCl;):  =0.93 (t, 12H, CH;CH,CH,), 1.65
(m, 8H, CH;CH,CH,), 2.56 (t, 8H, CH;CH,CH,), 5.86 (s, 4H, CH=CH),
8.0-8.5 (brs, NH; exchanging with adventitious H,0); C NMR (CDCl;):
0=14.1,23.5, 273, 113.9, 132.1, 135.2, 137.2; elemental analysis calcd (%)
for C,3H;Nyg+ (EtOAc) - 1.5H,0: C 64.08, H 7.90, N 18.68; found: C 63.92,
H 7.84, N 18.86.

2,7,12,17-Tetrapropylimidacene (1): A separatory funnel was charged with
a solution of dihydroimidacene 5 (10 mg, 0.021 mmol) in CH,Cl, (100 mL),
and a solution of NaOH (0.2 g) in H,O (100 mL). 2,3-Dichloro-5,6-dicyano-
1,4-benzoquinone (9.6 mg, 0.042 mmol) was then added, and the resulting
biphasic mixture was vigorously shaken for 2 min. The organic layer was
washed with H,O (100 mL) and brine (100 mL), and then was dried over
Na,SO,. Removal of the solvent using a rotary evaporator afforded
imidacene 1 as a blue solid (9 mg, 90%). '"H NMR (CDCl;): 6 =1.31 (t,
12H, CH;CH,CH,), 2.02 (brs, 2H, NH), 2.50 (m, 8H, CH;CH,CH,), 4.13
(t, 8H, CH;CH,CH,), 9.53 (s, 4H, CH=CH); *C NMR (CDClL): 6 =15.1,
24.9, 33.0, 113.9, 141.1, 142.2, 172.8; UV/Vis (CH,Cl,): 4. (eM'cm™") =
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373 (131000), 380 (sh), 611 (49000), 645 (59000), 686 (77000); fluorescence
emission (CH,CL): Acyeit = 373, Amax =689 nm; LRMS (CI + ): m/z (%): 483
(18) [M+H]*, 253 (100); HRMS (CI+): caled for CyH;sNg: 483.2985;
found 483.2989. Analytical samples (violet needles), prepared by dissolving
the crude product in the minimum amount of CH,Cl, and chilling the
solution to —20°C overnight, were consistently low in carbon.

Computational Methods

The aromatic stabilization energy (ASE) of a compound is evaluated by
constructing an isodesmic equation that contains the purported aromatic
species as well as a non-aromatic reference system such as an olefin or
conjugated polyene. The same number and types of chemical bonds exist on
the two sides of the reaction arrow and the difference in energy is attributed
to the ASE. By convention, the ASE is positive for aromatic species and
negative for antiaromatic compounds.® The reliability of ASEs varies and
is closely coupled to the choice of reference system. The ASEs calculated
herein utilize a homodesmotic equation, which is a specific type of
isodesmic equation that fulfills two specific criteria. First, there are equal
numbers of carbon and nitrogen atoms in their various states of hybrid-
ization across the reaction arrow. Second, carbon and nitrogen atoms with
zero, one, or two hydrogens bound to each are classified separately, and the
numbers of atoms within each classification are identical in the reactants
and products.?!l Consistent with previous reports on ASEs for polycyclic
molecules, the reference system is cyclic to more accurately account for
hybridization changes and provide a sigma framework for electron
delocalization.”! Figure 6 illustrates the homodesmotic equations used to
evaluate the ASEs for the porphyrinoid macrocycles with global (Fig-
ure 6a) and local (Figure 6b and c) aromaticity. The globally aromatic
macrocycle has three aromatic ring structures that the homodesmotic
equation needs to accommodate: the bridged [18]annulene, the internal
cross, and the (two) five-membered heterocyclic rings. The locally aromatic
macrocycle has the (four) five-membered heterocyclic rings as well as the
22 m-electron perimeter and 18 m-electron bridged [18]annulene and
internal cross (Figure 2). A prerequisite of the reference structure is it must
occlude all possible aromatic pathways; those shown in Figure 6 achieve
this purpose. Importantly, several alternative reference structures were
investigated for the globally aromatic molecules reported in this study but
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Figure 6. Homodesmotic equation for the evaluation of the aromatic stabilization energy for a) imidacene
(1); b) dihydroimidacene (5); and c) dihydroporphycene (H,Pc¢). The geometric isomer used for H,Pc
corresponds to that of lowest energy, adopting the orientation of rings a and a’ up, b and b’ down.

none yielded results which changed the qualitative conclusions. Molecular
geometries for the ASE calculations were optimized with modest B3LYP/6-
31G methods to avoid overwhelming the available computational resour-
ces, a choice which was justified by a favorable qualitative comparison of
the ASEs of benzene, pyrrole and imidazole between the B3LYP/6-31G
and B3LYP/6-31+G* methods.

Nucleus independent chemical shifts (NICS)”! were evaluated with GIAO-
SCF/6-314+-G* methods at B3LYP/6-31G* optimized geometries. Identical
methods were applied to the analysis of global and local aromaticity in free
and metal-bound porphyrins.?”) Other work has suggested that polarization
functions are necessary on both N and H in order to accurately model the
hydrogen-bonding interaction.?l To this end, we have examined NICS with
GIAO-SCF/6-31+G** at B3LYP/6-31G** geometries and have evaluated
the HOMA at the same level. For the dianions, calculations with GIAO-
SCF/6-31++G** at B3LYP/6-31+G** were examined. In all cases, the
results did not alter the qualitative conclusions. Data for the calculated 'H
and *C chemical shifts were obtained from the NICS calculations. Previous
work suggests that the methods we applied can be expected to yield
accurate proton chemical shifts,*! and we assume a similar level of
accuracy holds for the carbon shifts. In general, large negative NICS values
(ca < —9) reflect aromatic rings, while less negative or positive values
reflect non-aromatic or antiaromatic systems.

The harmonic oscillator model of aromaticity (HOMA) assesses the extent
of aromaticity on structural grounds and is defined by Equation (1).

a
HOMA =1 — =3 (R, — R})?
n

a M®
=1 - [a(Roy — Ry)*+0—2(R, — R)*]=1 — EN — GEO
n

Itis based on the deviation of bond lengths from an optimal value, R, that
is defined, in this case, energetically. R, is the distance corresponding to
the minimum energy, based on a harmonic potential, required to compress
the bond to the double bond length and expand it to the single bond length.
The empirical constant « is fixed to yield HOMA =0 for the Kekule
structure in which there is maximum bond alternation, and HOMA =1 for
the system in which all bonds are equal to the optimal value. R,
corresponds to the average bond length, while the n individual bond
lengths, R;, are calculated from the Pauling definition of bond number.?)
Large values of EN and GEO translate into a low HOMA value and
therefore indicate a non-aromatic system.
The EN term describes changes in the
aromatic character due to the deviation of
the average bond length from the optimal
value, while the GEO term reflects
changes due to bond length alternation.
Structural data used in the HOMA anal-
ysis was evaluated at the B3LYP/6-31G*,
B3LYP/6-31G**, and B3LYP/6-31+G**
levels of theory.

ZIZ

Previous studies on related porphyrinoid
macrocycles have clearly shown that the
lack of electron correlation in the compu-
tational treatment leads to pronounced
bond localization and low symmetry.?¥ In
this context, the use of the density func-
tional methods reported herein are critical

to the accurate description of bond deloc-
alization in the aromatic systems.

ZI IZ
ZIIZ

All quantum chemical calculations were
performed with either the G94 or
G938 program suite.
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