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ABSTRACT: A long-standing question in porphyrin chemistry is why pyrrole monomers selectively form tetrapyrrolic macrocycles, 
whereas the corresponding tripyrrolic macrocycles are never observed. Calix[3]pyrrole, a tripyrrolic porphyrinogen-like macrocycle 
bearing three sp3-carbon linkages, is a missing link molecule that might hold the key to this enigma; however, it has remained elusive. 
Here we report the synthesis and strain-induced transformations of calix[3]pyrrole and its furan analogue, calix[3]furan. These mac-
rocycles are readily accessed from cyclic oligoketones. Crystallographic and theoretical analyses reveal that these three-subunit sys-
tems possess the largest strain energy among known calix[n]-type macrocycles. The ring-strain triggers transformation of calix[3]pyr-
role into first calix[6]pyrrole and then calix[4]pyrrole under porphyrin cyclization conditions. The present results help explain the 
absence of naturally occurring three-pyrrole macrocycles and the fact that they are not observed as products or intermediate during 
classic porphyrin syntheses. 

INTRODUCTION 

Porphyrins and related tetrapyrrole macrocycles, including 
heme and chlorophyll, play critical roles in biological processes 
as diverse as light-harvesting,1 oxygen transport,2 and electron 
transfer. They and their synthetic analogues have also attracted 
attention as catalysts,3,4 photosensitizer,5,6 as well as opto-elec-
tronic materials.7 Since a facile one-pot synthetic procedure 
leading to symmetric porphyrins was reported by Rothemund in 
1935,8 macrocyclization of pyrrole monomers has been ex-
haustively examined using various condensation conditions.9 A 
long-standing question associated with both biological and la-
boratory porphyrin syntheses is why pyrrole monomers selec-
tively form tetrapyrrolic macrocycles, whereas the correspond-
ing tripyrrolic macrocycles are never observed. While macro-
cycles with five or more pyrrole units can be isolated in free 
form under conditions of kinetic control,10 a boron-template is 
necessary to generate and stabilize their tripyrrolic analogues.11-

13 It is thus not currently known whether such systems are even 
capable of existence. Calix[3]pyrrole, a tripyrrolic porphyrino-
gen-like macrocycle bearing three sp3-carbon linkages, is a 
missing link molecule that might hold the key to this enigma; 
however, it has remained elusive. Here we report the synthesis 
and strain-induced transformations of calix[3]pyrrole and its fu-
ran analogue, calix[3]furan. These macrocycles are readily ac-
cessed from cyclic oligoketones. Crystallographic and 

theoretical analyses reveal that these three-subunit systems pos-
sess the largest strain energy among known calix[n]-type mac-
rocycles. The ring-strain triggers transformation of calix[3]pyr-
role into first calix[6]pyrrole and then calix[4]pyrrole under 
porphyrin cyclization conditions. The present results help ex-
plain the absence of naturally occurring three-pyrrole macrocy-
cles and the fact that they are not observed as products or inter-
mediate during classic porphyrin syntheses. Furthermore, the 
strain-induced ring-expansion observed for calix[3]pyrrole 
could provide a access to new, entropically disfavored larger 
pyrrolic macrocycles. 

Tetrapyrrolic macrocycles are typically synthesized by link-
ing four pyrrole monomers to furnish porphyrinogen intermedi-
ates. Porphyrinogens are macrocyclic species that possess the 
basic connectivity of the final porphyrin ring product but which 
are linked by four sp3-hybridized meso-carbon atoms. In the 
case of porphyrinogens bearing no more than one substituent on 
each of the meso-carbons, the porphyrinogens are thermody-
namically unstable under oxidizing conditions and are readily 
converted to the corresponding porphyrins. In contrast, porphy-
rinogen analogues bearing two non-hydrogen atoms on the 
meso bridges are often stable, as in the case of calix[4]pyrrole 
(5,10,15,20-octamethylporphyrinogen). Isolation and study of 
calix[3]pyrrole, the corresponding tripyrrolic macrocycle, 
might therefore hold the key to understanding why tripyrrolic 



 

macrocycles are not found in nature and are not observed under 
classic, template-free porphyrin-forming reaction conditions 
(Scheme 1). However, in spite of considerable synthetic ef-
fort,14,15 only core-modified or ring-expanded analogues of ca-
lix[3]pyrrole are known.16-19 Here, we report the synthesis of 
calix[3]pyrrole 1 and its furan analogue calix[3]furan 2 starting 
from a common linear hexaketone intermediate. Both 1 and 2 
undergo strain-induced transformations that provide an experi-
mental rationale for why these elusive macrocycles have not 
previously been observed. 

 

Scheme 1. A Typical Synthesis of Tetrapyrrole Macrocycles 

 
 

To access calix[3]pyrrole, we conceived of a synthetic route 
involving Paal–Knorr pyrrole ring formation from a hexaketone 
macrocyclic precursor (Scheme 2). A similar approach proved 
effective for the size-selective synthesis of ring-expanded ana-
logues, such as calix[5]pyrrole,20 with the requisite cyclic oli-
goketone precursors being accessed from the corresponding ca-
lix[n]furans (n ≥ 4).21 Unfortunately, calix[3]furan, the logical 
precursor to our targeted cyclic hexaketone intermediate, is not 
known. Recently we developed a synthetic strategy allowing 
access to aliphatic oligoketones with precise chain lengths,22,23 
including the linear hexaketone 3. Compound 3 thus became the 
starting point for our synthesis of 1.  

 

RESULTS AND DISCUSSIONS 

Dehydrative condensation of 3 in the presence of p-tol-
uenesulfonic acid (p-TsOH) using a Dean–Stark trap furnished 
the difuran compound 4, a linear intermediate in which the ter-
minal carbonyl groups remain free, in 77% yield. Treatment of 
4 with 3.5 equiv. of lithium diisopropylamide (LDA) generated 
a dienolate species that underwent intramolecular cyclization 
upon oxidation with CuCl2 to give macrocycle 5 in 42% yield. 
The two furan rings in 5 were converted to the corresponding 
enedione units by oxidative treatment with m-chloroperbenzoic 
acid (mCPBA). Subsequent reduction using zinc powder gave 
the cyclic hexaketone 6 in 28% yield over two steps. When the 
cyclic ketone 6 was subject to Paal–Knorr reaction conditions 
in the presence of an excess of ammonium acetate,21 meso-hex-
amethylcalix[3]pyrrole 1 was obtained in 41% yield as a color-
less solid. Three signals at 6.71, 5.83, and 1.59 parts per million 
(ppm) assignable to the NH, pyrrole -H, and methyl protons, 

respectively, were seen in the proton nuclear magnetic reso-
nance (1H NMR) spectrum of calix[3]pyrrole 1 in CDCl3, a 
finding consistent with the presence of a time-averaged C3v mo-
lecular symmetry predominating in solution. A high-resolution 
electrospray ionization time-of-flight (ESI–TOF) mass spectro-
metric analysis of 1 revealed a parent ion peak at m/z = 
320.2131, which was assigned to a [1–H]– molecular ion (cal-
culated for C21H26N3 m/z 320.2132).  

 

Scheme 2. Synthesis of Calix[3]pyrrole and Calix[3]furan 

 
 

Calix[3]furan 2 was also synthesized from cyclic difuran 5 
by treating with an excess of chlorotrimethylsilane in methanol 
under reflux for 20 min and isolated in 42% yield.24 The 1H 
NMR spectrum of calix[3]furan 2 also proved consistent with a 
C3v symmetric structure. Specifically, two singlet signals at 5.80 
and 1.63 ppm, assigned the furan -H and methyl protons, re-
spectively, were seen. In the high-resolution ESI-TOF mass 
spectrum, peaks corresponding to a sodium adduct [2+Na]+ 
were observed at m/z = 347.1615 (simulated value for 
C21H24O3Na = m/z 347.1618). 

Diffraction grade crystals of calix[3]pyrrole 1 were obtained 
by vapor diffusion of hexane into a dichloromethane solution in 
the absence of any particular effort at drying. The resulting 
structure (Figure 1A) revealed that two of the three pyrrolic ni-
trogen atoms are on the same side of the macrocycle and hydro-
gen-bonded to a co-crystallized water molecule (Figure S4). 
The distances between neighboring nitrogen atoms were in the 
range of 2.8573(12) to 2.9701(13) Å, reflecting a relatively nar-
row central cavity. Notably, all three meso-carbon atoms were 
located out of the mean plane of the pyrrole rings. Distortion of 
the macrocycle was also observed in the crystal structure of ca-
lix[3]furan 2 (Figure 1B), although in this case a cone-shaped 
structure is seen in which all the furan rings point in the same 
direction.  



 

 

Figure 1. (A) and (B) ORTEP drawings of crystal structures of 1 and 2 at the 50% thermal probability level (top: top view, bottom: side 
view); hydrogen: white, carbon: gray, nitrogen: light blue, oxygen: red; solvent molecules are omitted for clarity. (C) Definitions of defor-
mation angles  and  for calix[n]-type macrocycles.  is the averaged deviation angle between mean planes of X–C(3)–C(4) (shown as 
light blue) and X–C(2)–C(3) (shown as light red).  is the averaged deviation angle between the mean plane X–C(2)–C(3) and a C(2)–
C(meso) bond. (D) Deformation angles  determined from crystal structures of calix[n]pyrroles and furans (n = 3–6). (E) Deformation angles 
 determined from these same crystal structures. (F) Calculated energy per repeat unit of calix[n]furans and calix[n]pyrroles relative to those 
for n = 3 (compounds 1 and 2 of this study) at the B3LYP/cc-pVTZ level of theory. 

 

The solid state structural findings are consistent with the 
presence of considerable strain within both calix[3]pyrrole 1 
and calix[3]furan 2. To compare the ring strains of 1 and 2 with 
those of larger calix[n]-type macrocycles, the deformation an-
gles  and  (Figure 1C–E), used for evaluating the displace-
ment around aromatic units in cyclophane-type macrocycle,25 
were derived from the respective crystal structures. The  an-
gles of 1 and 2 were 2.52 and 1.95, respectively. These angles 
are larger than those of typical calix[n]pyrroles and furans (n = 
4–6), for which values of 0.32–0.43 are seen, and thus taken as 
evidence of strain. The  angles for 1 and 2 were found to be 
more than 2-fold greater those of the corresponding larger mac-
rocycles; this is reflective of a large displacement of the meso-
carbon atoms from the mean plane of the neighboring aromatic 
rings.  

Theoretical calculations provided support for the large strain 
energy inferred for macrocycles 1 and 2 (Figure 1F). The rela-
tive energies of the monomeric subunits in each calix[n]-type 
macrocycle were calculated at the B3LYP/cc-pVTZ level using 
a Grimme-type dispersion correction by optimization of the ge-
ometries using the crystal structures as the initial inputs. Com-
pared with the corresponding calix[4]-macrocycles, ca-
lix[3]pyrrole 1 and calix[3]furan 2 were found to be unstable by 
22.1 and 14.4 kJ/mol per repeat unit, respectively. Such a large 

energy difference helps rationalize why calix[3]-type macrocy-
cles are not observed during the formation of tetrapyrrolic mac-
rocycles under equilibrium conditions. 

The large ring strain of 1 was expected to lead to rapid ring 
expansion under standard pyrrole macrocyclization conditions. 
26-28 To test this hypothesis, calix[3]pyrrole 1 was dissolved in 
dichloromethane in the presence of trifluoroacetic acid (TFA; 
10 mmol/L) at room temperature, and the reaction monitored by 
1H NMR spectroscopy (Figure 2). The signal intensity of 1 de-
creased by more than 75% within 5 seconds and completely dis-
appeared after 30 seconds concurrent with the appearance of an 
intense peak ascribed to the pyrrole -H of calix[6]pyrrole 7 at 
5.81 ppm, along with several minor peaks (Figure 2B).21 ESI-
TOF mass spectrometric analysis of the reaction mixture at 
early times revealed a parent ion peak for [7–H]– at m/z = 
641.4340 (calculated for C42H53N6 m/z 641.4337). The intensity 
of the peak attributed to hexapyrrole 7 was then seen to decrease 
gradually over the course of approximately 4 hours while new 
signals, corresponding to calix[4]pyrrole 8, were seen to in-
crease. Eventually, the 1H NMR signals converged to those of 
8 (80% NMR yield). The stability of 1 was also tested under 
standard calix[4]pyrrole-forming conditions (i.e., catalytic HCl 
in ethanol).26 Again, ring expansion was seen (Figure S11). 
While the conversion of expanded porphyrinogens into 



 

tetrapyrrole macrocycles (ring contraction) is entropically fa-
vorable and has been observed under acidic equilibrium condi-
tions,29 the formation of larger macrocycles from a smaller an-
alogue is entropically unfavorable. The initial formation of hex-
apyrrole 7 from 1 is thus attributable to the strain-induced mac-
rocyclic ring cleavage of 1 and a subsequent dimerization to 
give a less-strained species (i.e., 7). The rapidity of this ring ex-
pansion reaction leads us to suggest that even were initial cy-
clotrimerization to occur when pyrroles monomers are subject 
to acid catalyzed condensation, no calix[3]pyrrole-type prod-
ucts would be observed.  

 

 

Figure 2. (A) Strain-induced ring-expansion reaction of ca-
lix[3]pyrrole 1 in the presence of TFA. (B) 400 MHz 1H NMR 
spectra monitoring of the ring-expansion reaction of 1 in a 10 mM 
dichloromethane solution of TFA at room temperature. All the 
spectra were recorded in CDCl3 after quenching the reaction by 
washing with aqueous sodium bicarbonate solution, drying over an-
hydrous magnesium sulfate, and evaporation of the solvent. 

 

Unlike calix[3]pyrrole 1, calix[3]furan 2 underwent a strain-
induced ring opening of the furan component (Scheme 3). Un-
der the macrocyclization conditions optimized for calix[4]furan 
formation (i.e., ethanol - 12 M HCl (v/v, 2:1)),30 one of the furan 
subunits of calix[3]furan 2 was seen to undergo hydrolysis to 
give diketone 5 in near quantitative yield (Figure S12). Such a 
hydrolysis reaction was not observed for calix[4]furan under the 
same conditions. This disparity is again ascribed to differences 
in ring strain for calix[3]pyrrole vs. calix[4]furan.  

 

Scheme 3. Strain-Induced Reaction of Calix[3]furan 

 
 

We next examined whether calix[3]pyrrole 1 could be stabi-
lized by chemical means (Figure 3). Calix[n]pyrroles (n ≥ 4) are 
known to bind Lewis basic anions via formation of pyrrole NH-
anion hydrogen-bonded complexes. Typically, this results in 
stabilization of specific conformations.31 When tetrabu-
tylammonium fluoride (TBAF) was titrated into a 10.0 mM 
CD2Cl2 solution of 1 the NH proton signal at 6.91 ppm in the 
1H NMR spectrum was seen to shift to lower field in a concen-
tration dependent manner. Job’s plot and curve fittings of the 
NMR titration results proved consistent with the formation of a 
1:1 complex between 1 and the fluoride anion with an associa-
tion constant of 230  20 M–1. This value is much smaller than 
that seen for calix[4]pyrrole 8 (17170  900 M–1).31 The associ-
ation constants corresponding to the interaction of calix[3]pyr-
role 1 with other halide anions were ≤10 M–1. The fluoride com-
plex 1•F– could be crystallized by slow evaporation of a di-
chloromethane solution. The resulting crystal structure revealed 
a cone-shaped conformation for 1 to which a fluoride ion was 
hydrogen bonded via all three NH protons with N–F distances 
of 2.681(2), 2.683(2), and 2.736(2) Å (Figure 3B). The distance 
from the fluoride ion to the mean plane of meso-carbon atoms 
was 2.434 Å. The deformation angles,  and , for 1•F– were 
calculated to be 2.45 and 11.3, respectively; this was taken as 
evidence that the ring strain of 1 around meso-carbon atoms was 
slightly increased upon fluoride anion complexation, an ener-
getic penalty that is presumably overcome through formation of 
NH–F hydrogen bonds.  

Complexation with the fluoride ion was found to stabilize 
macrocycle 1. As inferred from high-performance liquid chro-
matography (HPLC) studies, more than 98% of 1 (tested as a 
3.3 mM dichloromethane solution in the presence TFA (10 
mM); Figure S13) disappeared within 10 seconds to give ca-
lix[6]pyrrole 7 along with minor byproducts with higher reten-
tion times. In contrast, more than 70% of 1 remained intact un-
der otherwise identical test conditions.  

Boron complexation was also found to stabilize the tripyr-
rolic macrocycle 1. Initial deprotonation of the NH protons of 1 
using n-butyllithium and subsequent treatment with boron tri-
bromide furnished the boron-calix[3]pyrrole 9 in 25% yield 
(Figure 3C). This stepwise procedure proved necessary to main-
tain the integrity of 1 since simple treatment with the Lewis 
acidic boron reagent was found to induce ring-expansion lead-
ing to isolation of 8. A single-crystal X-ray diffraction analysis 
of 9 revealed a shallow bowl-shaped structure with a trigonal 
planar boron(III) center (Figure 3D). Compared to the free-base 
form 1, the deformation angles,  and , of complex 9 were 
decreased to 2.27 and 2.42, respectively. The large decrease 
seen for the deformation angle  is consistent with macrocyclic 
ring strain being released upon boron complexation. In fact, bo-
ron complex 9 proved stable under the test acidic pyrrole mac-
rocyclization conditions noted above. Specifically, neither ring 
expansion nor loss of the complexed boron atom was observed.  



 

 

Figure 3. (A) Association constants corresponding to the interaction of calix[3]pyrrole 1 with tetrabutylammonium halides in CD2Cl2. (B) 
Crystal structure of the fluoride complex, 1•F– (left: top view, right: side view). (C) Synthesis of boron–calix[3]pyrrole complex 9. As noted 
in the main text, this species does not undergo a ring-expansion reaction under acidic conditions. (D) Crystal structure of 9 (left: top view, 
right: side view) shown at the 50% thermal probability level; hydrogen: white, boron: pink, carbon: gray, nitrogen: light blue, fluorine: 
yellow. 

 

On the other hand, attempts to prepare 9 under template con-
ditions in the presence of tri(pyrrol-1-yl)borane proved unsuc-
cessful.32 In the case of boron–subporphyrins heating to 140–
180 C is necessary to complete the macrocyclization around 
the boron template.12,33 Moreover, subporphyrins are stabilized 
via 14 π-electron aromatization; however, the non-aromatic 
species 9 cannot benefit from such stabilization. Thus, perhaps 
not surprisingly, only decomposition products were observed 
when the forcing conditions used to access subporphyrins were 
attempted in an effort to produce 9. 

 

CONCLUSION 

The present study helps explain the absence of observable tri-
pyrrolic macrocycles during classic porphyrin syntheses. At the 
reduced porphyrinogen or calix[3]pyrrole-like oxidation level, 
such species are highly strained and are likely to undergo facile 
and rapid ring-expansion as seen explicitly in the case of ca-
lix[3]pyrrole 1. The present successful synthesis of calix[3]pyr-
role and calix[3]furan from cyclic oligoketones was made pos-
sible by incorporating a final pyrrole- or furan-forming step that 
allowed the strain energy to be overcome by formation of an 
aromatic subunit (pyrrole or furan) under non-equilibrium con-
ditions. The present results lead us to propose that the prepara-
tion and subsequent release of macrocyclic ring strain in sys-
tems such as 1 and 2 constitutes a relatively unexplored ap-
proach to achieving C–C bond cleavage and heteroaromatic 
ring dearomatization. In principle, such transformations could 
provide access to new porphyrin analogues that might not be 
accessible through more conventional syntheses.  
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