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ABSTRACT: The reaction of diiminoisoindoline with amine-terminated polyethers results in the formation of phthalocrown
macrocycles. For n = 1 (where n is the number of ether units), a 2 + 2 condensation takes place, but for n = 2 and 3, a 1 + 1
macrocycle formation occurs. The n = 2 phthalocrown is particularly stable due to a strong intramolecular hydrogen bond, but
the n = 3 ring hydrolyzes to form a 3-imino-1-oxoisoindoline derivatized crown ether species. For the n = 1 phthalocrown, we
observed dynamic behavior in the 1H NMR spectrum, and using VTNMR were able to measure a ΔG⧧ = 44.6 kJ/mol for proton
exchange.

The binding and molecular recognition of cations is a
significant field in coordination chemistry.1,2 A variety of

host molecules (ligands and macrocycles) have been synthe-
sized, and the properties of these compounds to selectively bind
cations continue to be studied. Two of the most studied metal-
binding macrocycles are the synthetic dye phthalocyanine3,4

and the cation-binding family of polyoxo macrocycles known as
the crown ethers.5−7 The crown ethers, first discovered in the
1960s by Pedersen, are known for their affinity to alkali metal
ions and charged molecules such as ammonium (NH4

+)8 and
play important roles as phase-transfer catalysts.9 The
phthalocyanines are also important metal binding macrocycles
and are used heavily both as bulk colorants and as components
of specialized materials.10 Since 2006, we have been
investigating the synthetic chemistry of phthalocyanine
analogues known as the hemiporphyrazines, where rings
other than isoindolines (such as benzene, pyridine, or
cyclohexane) are introduced into the backbone of the
phthalocyanine macrocyle.11−14 In this paper, we present a
family of phthalocyanine hybrid molecules using hemiporphyr-
azine synthetic methods. Specifically, herein we report the
family of phthalocyanine/crown ether chimeras we call the
phthalocrowns, fusions between these two macrocycles. Four
different phthalocrowns were synthesized and characterized,
including two which we were able to structurally elucidate.
Depending on the number of ether units, either 2:2 or 1:1
macrocycles are formed. Additionally, between the dioxo and
trioxo phthalocrowns, we observed significant differences in

stability, with the trioxo macrocycle hydrolyzing to form an
imino-oxo isoindoline derivative.
In the early 1950s, Linstead and co-workers reported the

synthesis of 1,3-diiminoisoindoline (DII, 1)15 as a precursor to
the synthesis of phthalocyanines, hemiporphyrazines, and
related isoindoline-based chelates.15−20 Compound 1, shown
in Scheme 1, is synthesized via the reaction of phthalonitrile
with ammonia in a methanol solution in the presence of a small
amount of sodium metal.15 Diiminoisoindoline was found to be
a precursor for the synthesis of a variety of chelating ligands and
macrocycles. For example, compound 1 reacts with 2,6-
diaminopyridine to produce hemiporphyrazine and with 2-
aminopyridine to afford 1,3-bis(2-pyridylimino)isoindoline.
Both hemiporphyrazine and 1,3-bis(2-pyridylimino)isoindoline
coordinate to metal ions and exhibit rich transition element
chemistry.21−23 In addition to arylamines, compound 1 also
reacts with aliphatic amines to afford the corresponding
substituted diiminoisoindolines. Recently, we synthesized an
aliphatic analogue of phthalocyanine, cyclohexylcyanine, by
reacting 1,3 diaminocyclohexane with compound 1.14 We have
surmised that we could extend this chemistry to the synthesis of
new isoindoline based macrocycle types, and that we could
generate phthalocyanine/crown ether chimera-type molecules
via the reaction of amine terminated polyethers with 1.
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We reacted diiminoisoindoline 1 with three amine
terminated ethers, as shown in Scheme 1. The monooxo
species 2,2′-oxybis(ethylamine) and the dioxo precursor 1,2-
bis(2-aminoethoxy)ethane are commercially available, and the
trioxo compound 1,11-diamino-3,6,9-trioxaundecane was syn-
thesized from the corresponding chloride using the procedure
described in a patent and by Thomas.24,25 All three amino
ethers were reacted with 1 in a slight excess in refluxing butanol
for 16 h, and we observed two types of product formation
depending on the size of the ether chain. In the case of 2,2′-
oxybis(ethylamine), condensation with 1 produces a 2 + 2
product, shown in Scheme 1. The ratio of diamine and
isoindoline in the macrocycle formation is most easily observed
via mass spectrometry (and not very readily by NMR
methods). The mass spectrum clearly shows the presence of

a product peak from the reaction of 1 with 2,2′-oxybis-
(ethylamine) at 431.22 m/z, corresponding to the 2 + 2
product 2. The 1,2-bis(2-aminoethoxy)ethane and 1,11-
diamino-3,6,9-trioxaundecane precursors, however, form 1:1
ratio macrocycles 3 and 4, exhibiting mass spectrometry peaks
at 282.12 (M + Na) and 304.16 m/z values respectively. We
surmise that the 2 + 2 product forms upon reaction of 1 with
2,2′-oxybis(ethylamine) due to the steric limitations of a 1 + 1
macrocycle. We also attempted to synthesize these compounds
using a modified Siegl procedure26 with alkali or alkali earth
metal cations as templates but were unsuccessful in isolating
any phthalocrowns.
Compound 2 shows limited solubility, as seen in the related

hemiporphyrazines,27 and dissolves in DMF, DMSO, high
boiling alcohols, and a 1:9 solution of methanol/chloroform.

Scheme 1. General Synthesis of the Phthalocrowns

Figure 1. Variable-temperature 1H NMR of 2 in DMSO showing dynamic proton exchange behavior.
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Compounds 3 and 4 exhibit increased solubility versus the
hemiporphyrazines, dissolving in nearly all solvents with the
exception the alkanes, ethers, benzene, and acetonitrile. The
yields of all three compounds are inversely related to their
solubility; compound 2 shows the highest product yield since it
is the least soluble of the compounds. For compound 4, we
carried out the syntheses under a variety of dilution conditions,
but did not observe many differences in yield. All three
compounds do not exhibit UV−visible transitions in the visible
region of the spectrum and as expected show UV transitions
similar to those seen for diiminoisoindoline.
When we investigated the room-temperature 1H NMR

spectra of 2 in DMSO, we observed several broad resonances
above 7.0 ppm that were indicative of both hydrogen bonding
and dynamic behavior. In CD3OD/CDCl3, we did not observe
this behavior due to H/D exchange with solvent. For the
expected AA′BB′ spin system of the phenyl ring, the deshielded
resonance is split into two broad peaks, and the more shielded
resonance is also broad, indicative of a slow exchange process.
We postulated that this might result from the presence of the
ionizable proton on the external (i.e., Schiff base) nitrogen on
the macrocycle rather than the central nitrogen of the
isoindoline unit. To further investigate this possibility, we
carried out a variable-temperature NMR experiment, shown in
Figure 1. With increasing temperature, the split peak due to the
phenyl hydrogen atom immediately adjacent to the imine
coalesces and forms a single resonance, due to fast exchange of
the ionizable hydrogen atom between external nitrogen atoms.
We were able to calculate the ΔG⧧ for this ionizable hydrogen
atom exchange process as 44.6 kJ/mol (ΔH⧧ = 41.8 kJ/mol and
ΔS⧧ = −75 J/mol·K),28 which is on the order of the energy of a
hydrogen bonding type interaction. Also, the ionizable
hydrogen resonance broadens and moves from ∼8.5 ppm to
∼8.2 ppm with increasing temperature. This shifting corre-
sponds to the transfer of the proton, with more rapid exchange,
from a more hydrogen bonded state to a less hydrogen bonded,
and thus more shielded, state.
Compound 3 is stable to chromatographic purification on

silica (chloroform/methanol 9:1). We were able to isolate
single crystals and elucidate the structure of this compound
from two different crystal forms.29 The compositional differ-
ence between the monoclinic and orthorhombic crystal forms is
the presence of a water molecule in the monoclinic form, which
forms hydrogen bonds between Schiff base nitrogen positions
in the solid state. The molecules of 3 in the monoclinic

structure form linear arrays of hydrogen bound molecules (via
these bridging water molecules) similar to that seen in alkyl-
substituted diiminosisoindolines in the solid state.30 The
structure of 3 from the monoclinic form is shown in Figure
2, with nonionizable hydrogen atoms omitted for clarity. Unlike
compound 2, the ionizable proton in 3 is located inside the
macrocycle on the central nitrogen of the isoindoline and is
engaged in a strong hydrogen bond to one of the two ether
oxygen atoms, also shown in Figure 2. The length of this
hydrogen bond is nearly identical in both structures, with N···O
distances of ∼2.72 and ∼2.71 Å for the monoclinic and
orthorhombic forms of the macrocycle, respectively. This
hydrogen-bonding interaction results in a nonplanar macro-
cycle, with planes defined by the two oxygen atoms and the
central isoindoline nitrogen at angles of ∼52° and ∼45° for the
monoclinic and orthorhombic forms respectively. For com-
pound 3, we did not observe any dynamic NMR behavior.
Compound 4 also is the product of a 1:1 condensation

between the triether diamine precursor and 1, but we observed
significant differences between the dioxo macrocycle 3 and
compound 4. Whereas compound 3 is highly stable, 4
decomposes much more readily. When we attempted to purify
4 on a silica column, we observed the formation of a partially
hydrolyzed product 5, as shown in Scheme 1, formed by the
addition of H2O and loss of NH3. Compound 5 is a 3-imino-1-
oxoisoindoline substituted at the amide nitrogen and the Schiff
base nitrogen positions. We were able to structurally character-
ize this compound by single crystal X-ray methods, as shown in
Figure 3.31 The C−O bond of the acyl group is clearly double
in character (C−O: 1.2219(16) Å) and the C−N bond can be
characterized as an imine (C−N: 1.2645(18) Å). As in
compound 3, the plane of the isoindoline deviates from that
of the crown ether unit to a similar extent, ∼40°, as measured
by the mean planes of the isoindole and the 11 atom crown
fragment.
In conclusion, we present three crown ether type macro-

cycles composed of the phthalocyanine subunit molecule
isoindoline and the diamines 2,2′-oxybis(ethylamine), 1,2-
bis(2-aminoethoxy)ethane, and 1,11-diamino-3,6,9-trioxaunde-
cane. These phthalocyanine/crown ether fusion molecules can
either form as 2 + 2 condensations, as seen for the monooxo
compound 2, or as 1 + 1 products as in 3 and 4. The 1H NMR
spectrum of 2 shows dynamic behavior due to proton exchange
reactions at the external Schiff base nitrogen positions.
Compound 3 is a highly stable macrocycle, due to the presence

Figure 2. Structure of 3 with 35% thermal ellipsoids (left) and the structure of 3 showing the internal hydrogen bond (right). Hydrogen atoms on
the thermal ellispoid plot have been omitted for clarity.
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of an internal hydrogen bond between the central isoindoline
nitrogen atom and one of the two macrocycle oxygen atoms. In
contrast, compound 4 undergoes hydrolysis to form compound
5, a 3-imino-1-oxoisoindoline modified crown ether. Our work
on these compounds, related macrocycles and their metal
adducts is ongoing.

■ EXPERIMENTAL SECTION
All materials were obtained from commercial suppliers and were used
without further purification. 1,3-Diiminoisoindoline (DII, 1) was
prepared according to Elvidge’s modified procedure.15 1,11-Diamino-
3,6,9-trioxaundecane was produced from the corresponding azide
using the method reported in the patent by Nippon Shinyaku Co.,
Ltd.25 The azide, 1,11-diazido-3,6,9-trioxaundecane, was synthesized
using a procedure reported by Thomas et al.24

Proton (1H) and carbon (13C) spectra were performed on 300, 400,
and 500 MHz spectrometers. High-resolution mass spectrometry
experiments were performed on a mass spectrometer equipped with an
orthogonal electrospray source (Z-spray) operated in positive ion
mode. Sodium iodide was used for mass calibration for a calibration
range of m/z 100−2000. Samples were prepared in a solution
containing acidified methanol and infused into the electrospray source
at a rate of 5−10 μL min−1. Optimal ESI conditions were as follows:
capillary voltage 3000 V, source temperature 110 °C, and a cone
voltage of 55 V. The ESI gas was nitrogen. Data was acquired in
continuum mode until acceptable averaged data was obtained.
X-ray intensity data for the monoclinic form of 3 and compound 5

were measured at 100 K on a CCD-based X-ray diffractometer system
equipped with a Mo target X-ray tube (λ = 0.71073 Å) operated at
2000 W power. The data for the orthorhombic form of 3 (using Cu
Kα radiation, λ = 1.54178 Å) were collected on a CCD-based
diffractometer with dual Cu/Mo ImuS microfocus optics. The crystals
were mounted on a cryoloop using Paratone oil and placed under a
stream of nitrogen at 100 K. Data were corrected for absorption effects
using the multiscan method. The structures were refined and solved
using direct methods until the final anisotropic full-matrix, least-
squares refinement of F2 converged.
General Procedure for the Syntheses of Phthalocrowns 2−5.

DII (1) and the corresponding diamine (2,2′-oxybis(ethylamine), 1,2-
bis(2-aminoethoxy)ethane, or 1,11-diamino-3,6,9-trioxaundecane, 1.2
equiv) were dissolved in 1-butanol. The reaction mixture was refluxed
for 16 h, cooled, and concentrated. The crude product were either
recrystallized or purified by flash chromatography on silica.
5 ,20 -D ioxa -2 ,8 ,17 ,23 ,31 ,32 -hexaazapentacyc lo -

[22.6.1.1{9,16}.0{10,15}.0{25,30}]dotriaconta-1,8,10,12,14,16,23,25,-
27,29-decaene (2). 2,2′-Oxybis(ethylamine) (500 mg, 4.80 mmol)
and DII (1) (634 mg, 4.36 mmol) were reacted in 1-butanol (100
mL). The solid was recrystallized in CHCl3/CH3OH/Et2O (49/1/50)

to give 2 (657 mg, 1.53 mmol, 32% yield) as an off-white solid: mp
173−175 °C; 1H NMR (500 MHz; CDCl3/CD3OD) δ 3.2 (bs, 2H),
3.77 (s, 8H), 3.94 (s, 8H), 7.39 (s, 4H), 7.84 (s, 4H) 13C NMR (125
MHz, CDCl3/CD3OD) δ 46.8, 70.4, 121.0, 130.3, 137.5, 168.6; MS
(ESI) calcd for C24H27N6O2 ([M + H]+) 430.5, found 431.2; HR MS
(ESI) calcd for C24H27N6O2 ([M + H]+) 431.2195, found 431.2184,
2.6 ppm.

5,8-Dioxa-2,11,19-triazatricyclo[10.6.1.0{13,18}]nonadeca-
1,11,13,15,17-pentaene (3). 1,2-Bis(2-aminoethoxy)ethane (1.23 g,
8.3 mmol) and DII (1) (1.00 g, 6.89 mmol) were reacted in 1-butanol
(150 mL). The crude product was purified by column chromatography
on silica gel using 10% CH3OH in CHCl3 to give 3 (200 mg, 0.77
mmol, 11% yield) as a yellow solid. Single crystals of 2 were grown
from a vapor diffusion of hexane into a chloroform solution: mp 138−
140 °C; 1H NMR (300 MHz, CDCl3) δ 3.65 (s, 4H), 3.78 (s, 8H),
7.54 and 7.83 (dd, J = 3.07, 5.71 Hz, 4H), 9.99 (b, 1H); 13C NMR (75
MHz, CDCl3) δ 50.11, 70.07, 71.38, 121.6, 130.9, 136.3, 155.9; MS
(ESI) calcd for C14H17N3O2 ([M + H]+) 260.3 found 260.2; HRMS
(ESI) calcd for NaC14H17N3O2 ([M + Na]) 282.1218, found
282.1205, 4.6 ppm; IR (cm−1) 3226, 2910, 2864, 1660.

5,8,11-Trioxa-2,14,22-triazatricyclo[13.6.1.0{16,21}]docosa-
1,14,16,18,20-pentaene (4). Reagents employed: 1,11-diamino-
3,6,9-trioxaundecane (200 mg, 1.04 mmol), DII (1) (126 mg, 0.867
mmol), 1-butanol (50 mL). The crude product was purified by
recrystallization in CH2Cl2/Et2O to give 4 (65.1 mg, 0.215 mmol, 25%
yield): mp 102−105 °C; 1H NMR (300 MHz, CDCl3) δ 3.64 (s, 8H),
3.76 (s, 4H), 3.95 (s, 4H), 7.12 (bs, 2H), 7.72 (bs, 2H); 13C NMR (75
MHz, CDCl3) δ 46.7. 70.2, 70.5, 70.7, 120.8, 129.9, 137.6, 167.6; MS
(ESI) calcd for C16H21N3O3 ([M

+]) 303.4 found 303.6; HRMS (ESI)
calcd for C16H22N3O3 ([M + H]) 304.1661, found 304.1656, 1.6 ppm.

(Z)-5,6,8,9,11,12-Hexahydro-2H-[1,4,12,7,9]trioxadiazacyclo-
tetradecino[8,7-a]isoindol-14(3H)-one (5). Attempts to purify 4
on silica gel yields the hydrolyzed compound 5. Single crystals of 5
were grown from a vapor diffusion of hexane into a chloroform
solution (10 mg, 0.032 mmol, 9% yield): mp 165−169 °C; 1H NMR
(500 MHz, CDCl3) δ 3.53−4.05 (m, 16H), 7.53, 7.63, 7.78, and 7.88
(m, 4H); 13C NMR (125 MHz, CDCl3) δ 37.5, 50.2, 67.9, 70.0, 70.1,
70.6, 70.7, 72.1, 123.2, 123.3, 125.7, 131.5, 132.7, 133.9, 151.2, 167.5;
HRMS (ESI) calcd for NaC16H20N2O4 ([M + Na]) 327.1321, found
327.1318, 0.92 ppm.
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