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ABSTRACT: A fully conjugated three-dimensional (3D)
expanded carbaporphyrin (2) was prepared in a one-pot
procedure thatinvolvesa [2+4] condensation reaction
between a dibenzo[g,p]chrysene-bearingtetrapyrrole
precursor (1) and pentafluorobenzaldehyde,followed by
oxidation.Single crystal X-ray diffraction analysis revealed
that 2 possesses a cage-like structure consisting offour
dipyrromethenes and two bridging dibenzo[g,p]chrysene
units. As prepared, 2 is nonaromatic as inferred from UV−
vis-NIR and 1H NMR spectroscopy and a near-zero
(−1.75) nucleus-independentchemical shift (NICS)
value.In contrast,after protonation with trifluoroacetic
acid (TFA), the cage gains globalaromatic character as
inferred from the large negative NICS value (−11.63) and
diatropic ring currentobserved in the anisotropy ofthe
induced current density (ACID) plot,as well as the ca.8-
fold increase in the excited state lifetime.In addition,the
size of the cavity increases to ca. 143 Å3 upon protonation
as deduced from a single crystal X-ray diffraction analysis.
To our knowledge,this is the largestcarbaporphyrin
prepared to date and the first with a fully conjugated 3D
cage structure whose size and electronic features may be
tuned through protonation.

T opology and conformation are very important not only in
naturalbiologicalsystemsbut also in synthetic mole-

cules.1 For instance,biopolymers,including DNA,RNA and
proteins,can adoptdifferentknot topologies thatassociated
with specific biochemicalactivities.1c Conjugated molecular
systemswith ostensibly similar structurescan show very
differentproperties.For instance,certain porphyrinoids with
figure-eight (double-sided) or a half-twisted (one-sided)
topologiescan show Hü ckel- or Möbius-typearomaticity/
antiaromaticity,respectively.2 More broadly, expanded por-
phyrinshave attracted attention because oftheir conforma-
tional flexibility relative to normal tetrapyrrolicporphyrin
system and theirability to support unusualtopologies.3 A
number ofexpanded porphyins have been shown to undergo
aromaticity switching mediated viaconformationalchanges
induced by externalstimuli,such as metalation,4 protonation/
deprotonation,5 temperature changes,and variations in
solvent.5g,6 To date, most experimentalwork involving
conformationaland topologicalswitching in the contextof
porphyrinoids has focused on topographically planar systems.
So-called 3D system,where multiplepotential conjugation

pathways are constrained within the same nonplanar molecular
framework,may allow for further insights.Recently,a number
of 3D cage-like porphyrinoids have been reported.7 However,
most of the systemsin question are connected bynon-
conjugated linkages. This necessarily precludes an evaluation of
globalvs localaromaticity within the enforced 3D structures.
Recently,we reported a bicyclic thiophene-based porphyrin
analogue system wherein evidence ofa delocalized electronic
structure was seen.8 Here we report a 3D expanded
carbaporphyrin (2) that contains a fully conjugated backbone
and whose electronic features may be tuned through
protonation.

Carbaporphyrins,porphyrin analogues where one or more
nitrogen donor atoms is replaced by a carbon in the central
core, have been explored extensivelyover the last two
decades.9 Carbaporphyrinsbased on various polycyclic
aromatic hydrocarbons(PAHs), including naphthalene,10

anthracene,11 phenanthrene,12 triphenylene,13 and pyrene14

are known. Recently,we reported a dibenzo[g,p]chrysene-
fused bis-dicarbacorrole (3)15 derived from a key dibenzo-
[g,p]chrysene tetrapyrrole precursor (1).We have now found
that this planar precursor undergoes a face-to-face condensa-
tion with an activated aldehyde (C6F5CHO) to yield what to
our knowledge is the first 3D carbaporphyrin,2.

The synthesis of2 is shown in Scheme 1.Briefly,a boron
trifluoride etherate-catalyzed[2+4] condensationreaction
between the tetrapyrrole precursor 1 and pentafluorobenzal-
dehyde in dichloromethane (DCM),followed by oxidation

Received: October 16,2018
Published:November 19,2018

Scheme 1.Synthesis of 3D Expanded Carbaporphyrin 2
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with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),gives
the targetmacrocycle 2 directly.In this reaction,the [1+2]
condensation to give the previously reported bis-dicarbacorrole
(3)15a is more favored,and the yield of 2 is ca. 0.5%.A
combination of silica gel chromatography,preparativethin
layer chromatography (TLC),and gelpermeation chromatog-
raphy (GPC) allowed the target compound 2 to be isolated as
a green solid.Cage 2 was then characterized by1H, 19F, 2D-
correlation spectroscopy (COSY),nuclearÖ verhausereffect
(NOE) NMR, and UV−vis-NIR spectroscopies,high-reso-
lution ESI mass spectrometry,as wellas single crystalX-ray
diffraction analysis (Figures S1−S8).

Diffraction grade single-crystalsof 2 were grown from
CH2Cl2/n-hexane. The crystal structure confirmed the
formation ofa [2+4] cage-like condensation product (Figure
1). The two dibenzo[g,p]chrysene moieties are oriented face to

face and are connected by fourdipyrromethene units.The
bond lengths of the eight carbon−carbon bonds directly linked
to the dibenzo[g,p]chrysene backbone are in the range of
1.443−1.488 Å.These values lie close to those expected for
carbon−carbon singlebonds and are consistentwith the
correspondingdistancesfound in our previouslyreported
topographically planar bis-dicarbacorrole (3).15a The distance
between two dibenzo[g,p]chrysene moieties,defined using the
centroids of the middle carbon−carbon bond of the
constituentchrysene subunits,is ca.8.522 Å.The dibenzo-
[g,p]chrysenebridge in 2 is more distorted than in the
corresponding bis-dicarbacorrole (3),15a as indicated by an
increase in the dihedral angles (35.4° in bis-dicarbacorrole (3)
vs 59.9° in cage 2) between the two outerbenzene planes
(labeled with I and II in Figure 1a).The non-hydrogen atoms
in the backbone appearto be sp2 hybridized aswould be
expected for a fully conjugated system. Analysis of the structure
also reveals that in 2 four meso-mesitylgroups are orientated

within the inner cavity ofthe cage (Figure 1) resulting in a
smallfree volume.

The 1H NMR spectrum of 2 was recorded in CD2Cl2 and is
shown in Figure 2. On the basis of COSY and NOE

experiments,the signalsof the pyrrolic C−H (6.07−7.46
ppm), inner (8.50−9.57 ppm),and external (6.95−8.91 ppm)
chrysene C−H protons can be readily assigned.(cf. Figure 2
and FiguresS1, S4−S6) The signalsof the aromatic meso-
mesitylaryl C−H protons are split into four setsof peaks
(6.25−7.00 ppm,Figure 2),which is in sharp contrast to the
single peak seen for these resonances in the case ofthe bis-
dicarbacorrole (3).15aFive signals are seen for the meso-mesityl
methylprotons in the case of2 (0.41−2.29 ppm,Figure 2),
whereas only two sets of peaks are seen for these signals in the
case of3.15aThe increased spectralcomplexity is taken as an
indication that 2 is less symmetric than 3.A upfield shift was
seen for some of the meso-mesityl methyl group resonances (as
low as 0.41 ppm). Such a finding is consistentwith these
protons being located within the cage and experiencing a
strong shielding effect in accord with the solid state structure
shown in Figure 1.

Adding D2O leads to the disappearance of the pyrrolic N−H
proton signalat δ = 12.49 ppm (Figure S7). These N−H
resonances are shifted upfield compared to the corresponding
signals in 3 (Δ δ = ca.3.48 ppm).15a The average chemical
shift difference between the pyrrolic N−H and C−H proton
signals (Δδ) was found to be 5.98 ppm, which is less than what
was seen in the case ofthe bis-dicarbacorrole (3)15a (10.30
ppm).However,the Δδ seen for 2 is comparable to what was
found for a nonaromatic biphenylcorrole16 (4.64 ppm). We
thus conclude that cage 2 is best consideredas being
nonaromatic.

The UV−vis-NIR spectrum of2 was recorded in toluene.
Two main absorptions bands are seen at ca.439 and 612 nm,
with weaker absorption features over 750−1000 nm spectral
region also being observed (Figure 3).The spectrum of2
matches wellwith those of benziporphyrin17 and biphenylcor-
role.16 This provides further support for cage 2 being
essentially nonaromatic.

The spectralfeatures of2 change dramatically when itis
treated with acid.For instance,titration with TFA in CD2Cl2,
causes the meso-mesitylmethylsignalat 0.41 ppm in the1H
NMR spectrum to disappear.Moreover,upon treatment with
ca.4 equiv of TFA, all the meso-mesityl methyl signals are seen
between ca. 1.77 and 2.42 ppm, a finding taken as evidence of a
decreased shielding effect. (Figure S8) Protonation with excess

Figure 1. X-ray structure of 2 shown in a stick model; (a) top and (b)
side views.Hydrogen atoms and meso-substituents have been omitted
for clarity in the side view.

Figure 2. Proton NMR spectrum ofcage 2 recorded in CD2Cl2.
Asterisks indicate residualsolvent peaks or impurities.
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TFA also causes the band at ca.439 nm originally seen in the
UV−vis absorption spectrum to disappear;it is replaced by
two new low-intensity peaks at ca. 387 and 468 nm (Figure 3).
An enhanced absorption at ca.590 nm is also seen.This latter
feature is consistent with increased aromatic character,which
leads us to suggest that protonation leads to a change in the
electronic structure of 2.

Diffraction grade single-crystals ofprotonated 2 (2P) were
grown from CH2Cl2/n-hexane in the presence of excess TFA.
Compared with the neutralcage,the distance between two
dibenzo[g,p]chrysene moieties increased slightly to 9.293 Å.
Inversion of one pyrrole moiety in each dipyrromethene
subunit is also seen upon protonation (Figure4b). More

noteworthy is that all the mesityl groups now lie outside of the
cage-like inner cavity,a finding that accounts for the decreased
shielding effects seen under conditions ofthe solution phase
1H NMR spectral analysis.The fact that the mesityl groups are
not in the cavity leads to a more open void,the size of which
was calculated to be 143 Å3 using a virtual rolling probe of 1.5
Å radius (Figure S9),in contrast,almost no void space can be
seen in the case of 2 due to the engulfing of the mesityl groups.

In order to probe further the change from nonaromatic to
aromatic character that occurs upon protonation,the excited
state properties ofcage 2 before and after protonation were
measured via fs-transient absorption (TA) spectroscopy. Pump
pulses (600 nm) were used to probe both the visible and NIR
regions.To avoid artifacts(e.g.,protonation effectsdue to
halogenated solvent),toluene wasused for these measure-
ments. The excited state absorption (ESA) of 2 was
characterized by severalstrong bandsat ca. 500, 700, and
1000 nm.In contrast,2P exhibits relatively weak bands at ca.
650 and 850 nm.The excited state lifetime of2P (160 ps)
proved to be almost8 times longerthan that of 2 (21 ps)
(Figure S10).Such an increase is consistent with the proposed
increase in aromatic characterthat occurs upon protonation
and a structure thatis rigid and stable underconditions of
analysis.5f,18

Two recognized indicators of aromatic character, namely the
nucleus-independent chemicalshift (NICS) and anisotropy of
the induced current density (AICD), were evaluated via
quantum calculations (Figure 5).19 The NICS(0) values of2

and 2P were calculated to be −1.75 and −11.63,respectively.
The AICD plot of 2 revealed no net overall current. In
contrast,that of 2P revealsthe presence ofdiatropic ring
current effects,including within the dipyrromethene subunits.
These findings proved further support for assigning 2 and 2P
as being nonaromatic and aromatic,respectively.

The bond lengths ofthe dibenzo[g,p]chrysene bridges and
the dipyrromethanelinking subunits were also analyzed
(Figure S11 and Table S1). Whereasthe bond length

Figure 3. UV−vis-NIR absorption spectra of2 and its protonated
form (2P, generated via the addition of60 equiv of TFA). Both
spectra were recorded in toluene.

Figure 4. X-ray structure of the protonated form of 2; (a) top and (b)
side views.Hydrogen atoms, meso-substituents, TFA anions, and TFA
molecules have been omitted for clarity in the side view.

Figure 5.ACID plots of 2 (top) and 2P (bottom).Note that NICS
plots viewed from the front and back side of 2 and 2P are presented
on the left and right,respectively.NICS(0) were calculated for Bq
atoms at the center of each molecule as represented by black dots on
the left-hand views.
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alternations for the dibenzo[g,p]chrysene bridges for 2 and 2P
are similaras inferred from the relative standard deviations
(RSD) of the bond lengths of 1.8 and 1.7%,respectively,those
of dipyrrometheneunits for 2 and 2P are 3.3 and 2.1%,
respectively.Of note is that the latter value comes close to the
RSD for the dibenzo[g,p]chrysene bridge in 2P, whereas such a
correspondencebetween the two main portions of the
molecule isnot seen in the case of 2. On this basis,we
conclude that protonation leads to a high degree of
conjugationin 2P, as would be expectedfor a system
benefiting from overallaromaticity.

In conclusion,we have prepared and characterized a fully
conjugated three-dimensional(3D) expanded carbaporphyrin.
The use of a large PAH modified pyrrole precursor,as
demonstrated here,providesa syntheticapproach to 3D
porphyrinoids that complements earlier strategies based on the
use of preformed porphyrinoids. The neutral form of 2 displays
spectral featuresconsistentwith a nonaromatic system.
However,an increasein aromatic characteris seen upon
protonation with TFA. This stimulus-induced switching is
made possible in part by the fact that sp2-hybridized
dipyrromethene linkages serve to span the two localaromatic
dibenzo[g,p]chrysene subunits that make up 2,as wellas the
choice of a framework thatpermitseffective π-conjugation.
Protonation servesto modulate the conformation of the
system and open up a small cavity with a discernible free void.
Currently,we are targeting new 3D expanded porphyrins with
larger internal cavities that might support host−guest
interactions within a highly conjugated core,as wellas permit
further evaluations of the effects of localvs globalaromaticity.
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