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Introduction

Large families of expanded, contracted, and isomeric por-
phyrins were created by changing the number and sequence
of the constituent pyrrole rings and carbon linkages.[1,2] The
core modifications involving the introduction of a CH unit
in the porphyrins, which belongs to a heterocyclic or carbo-
cyclic moiety in place of one of the nitrogen atoms, have led
to the preparation of a series of carbaporphyrinoids that
have interesting properties in both aromatic character and
ability to bind metal ions.[3–7] The first example are N-con-

fused or inverted porphyrins,[4,5,8] which are porphyrin iso-
mers having one of the pyrrolic nitrogens placed on the pe-
riphery of the macrocycle rather than in the core. In another
group of carbaporphyrinoids, a C�H bond belongs to the
inner carbocyclic unit. Such replacements preserve three of
the regular pyrrole moieties, while the CNNN core becomes
the representation of the monocarbaporphyrinoid struc-
ture.[9,10] These macrocycles bear a functional resemblance
to certain polydentate ligands,[11–14] which, by virtue of a fa-
vorably oriented carbon donor, afford rare organometallic
compounds of transition elements, often stabilizing unusual
oxidation states or coordination geometries. The carbocycle
affects the degree of p conjugation in the system, and conse-
quently, the macrocyclic aromaticity in some carbaporphyri-
noids is attenuated or totally absent.[15] m-Benziporphyrin,
an exemplary system based on a carbocyclic unit, is a class
of porphyrin analogue in which the macrocycle is formally
constructed from three pyrrole rings and one benzenoid ring
that are connected by meso bridges.[6,7,16,17] Although the m-
benziporphyrin exhibits no macrocyclic aromaticity,[16] other
systems,[7] such as p-benziporphyrin and oxybenziporphyrin,
display ring currents comparable to those of regular por-
phyrins. Coordination chemistry of benziporphyrins has
been studied systematically to reveal that these ligands form
organometallic complexes with transition metals,[16,18] acti-
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vate arene C�H bonds toward oxidative substitutions,[16,19]

and stabilize weak metal–arene interactions.[17,20]

The basic structural motif in benziporphyrins may be
modified in ways that are similar to the modification of reg-
ular porphyrins. The recently synthesized m-benziporphodi-
methene, is a modified m-benziporphyrin with two tetrahe-
dral meso bridges at positions 6 and 21 (see Scheme 1).[20] In
addition to having a similar frame structure as m-benzipor-
phyrin, this new type of compound also has the potential to
activate the arene C�H bond by insertion of a transition
metal. However, knowledge of the chemistry, geometry, and
application of this new type of compound is scarce in the lit-
erature.[21,22] From the survey of the literature, a confusion
approach has been performed extensively with N/O/S-con-
fused porphyrins but not with a benziporphodimethene. In
this paper we report on successfully synthesizing two isomer-
ic tetramethyl-m-benziporphodimethenes containing a g-
lactam ring which results in a new inner CCNN macrocycle
frame. The synthesis, isolation, and single crystal X-ray
structures of the newly synthesized isomeric N-confused tet-
ramethyl-m-benziporphodimethenes are presented herein.
The energetics of these tetramethyl-m-benziporphodime-
thenes was investigated using computational chemistry
methods.

Results and Discussion

Synthesis and Spectroscopy

Following the literature method for the preparation of m-
benziporphyrin,[16] the condensation reaction of a,a’-dihy-
droxy-1,3-diisopropylbenzene, pyrrole, and benzaldehyde
using BF3·OEt2 as acid catalyst followed by a 2,3-dichloro-
5,6-dicyano-p-benzoquinone (DDQ) oxidation, as shown in
Scheme 1, gave the initially planned 11,16-bis ACHTUNGTRENNUNG(phenyl)-
6,6,21,21-tetramethyl-m-benziporphodimethene, 1, after
column chromatography. The silica gel column chromatogra-
phy, however, not only afforded desired 1 (12.6 % yield) but
also yielded two new types of g-lactam containing N-con-
fused benziporphodimethenes, O-Up (2) in 1.5 % yield and
a trace amount of O-Down (3). Mass spectra showed that
these two new compounds have 16 unit mass greater than
the parent compound 1. Efforts were made to increase the
yield of compounds 2 and 3 by changing the concentration
of acid catalyst and the amount of DDQ. According to the
molecular formula, the oxidation from the cyclized por-
phyrinogen-like unconjugated precursor to 1 requires
2 equiv of DDQ. It was found that the yields of 1, 2, and 3
dropped significantly when an insufficient amount of DDQ
was used. Using 0.2 equiv of BF3·OEt2 and 1.1 equiv of
DDQ for the reaction yielded only a trace amount of 2 and
3. When 3.3 equiv of DDQ was used, a decreased amount of
BF3·OEt2 resulted in higher yields of 2 and 3. An optimized
reaction condition using 0.2 equiv of BF3·OEt2 as acid cata-
lyst and 3.3 equiv of DDQ as oxidant on a 1:3:2 mole ratio
of the diol, pyrrole, and benzaldehyde gave yields of 27 %,
4 %, and 0.7 % for 1, 2, and 3, respectively. Alternatively,
compound 3 can be synthesized in 8.7 % yield using 1 as the
starting material through a photochemical reaction (see Ex-
perimental Section). When TFA was used as the acid cata-
lyst, the most intense peak on the ESI-mass spectrum of the
crude product matched the m/z value of tetraphenylporphyr-
in and the mass peak for 1, which was the most intense peak
when BF3·OEt2 was used as catalyst, was completely absent.
The synthesis of compounds with an ester group substituted
on the meso phenyl ring using methyl 4-formylbenzoate as
the starting aldehyde, yielded compounds 5 and 6 in yields
of 2.9 % and 1.3 %, respectively, along with 4 in 11 % yield.
The 4-methylcarboxyphenyl substituted derivatives obey the

Scheme 1.
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same absorption spectra profile
and NMR spectra pattern as
the phenyl substituted com-
pounds.

Though several reports de-
scribed peripheral oxygenation
on porphyrinic macrocycles
during the synthesis of a de-
sired compound or upon DDQ
oxidation,[8,23,24] it is rare to col-
lect all structural isomers in a
one-pot reaction. In our case,
oxygenated N-confused tetra-
methyl-m-benziporphodime-
thenes, both O-Up and O-
Down, were isolated during the
synthesis of 1 and 4. Intriguing-
ly, synthesis of 3 from 1
through a photochemical reac-
tion involves bond breaking
and bond formation and results
in an N-confused CCNN inner
core from an originally CNNN
inner core structure. To our
knowledge, this is the first ex-
ample of a CCNN core m-ben-
ziporphodimethene having oxy-
genation at the inverted pyrrole
ring of the macrocycle.

1H NMR of tetramethyl-m-
benziporphodimethene, 1, in
CDCl3 showed a symmetrical
pattern with a singlet at
1.75 ppm integrated into twelve
hydrogens corresponding to
four methyl groups on two sp3-
hybridized meso carbons. The
signal for hydrogen on C(22)
appeared at 8.00 ppm and the
resonance for an NH proton
inside the core was located at
12.46 ppm as a broad resonance
(Figure 1). As shown in
Figure 2, the 1H NMR spectra
of compounds 2 and 3 are much
more complicated. In the case
of 2, because oxygenation on
the inverted pyrrole ring breaks
the plane of symmetry, the resonances of the twelve hydro-
gens on the methyl groups split into two peaks at 1.77 and
1.78 ppm. The characteristic doublet (4JHH =1.65 Hz) signal
at 7.08 ppm corresponds to the hydrogen on C(23) (internal
carbon) and resonance for the hydrogen on C(22) appears
as a singlet at 7.60 ppm. The amino protons inside and out-
side the core for 2 are observed as singlets at 11.42 and
7.03 ppm, respectively. In the case of 3, the twelve methyl
hydrogens also separate into two groups with resonances at

1.53 and 1.83 ppm. The hydrogen on C(23) of 3 appears at
5.71 ppm as a doublet (4JHH = 2.12 Hz) which is shifted up-
field by 1.37 ppm in comparison with the value observed
from 2. The difference in the chemical shift for the proton
on C(23) of 2 and 3 is likely to arise as a result of a different
degree of inductive effect. While an electron-withdrawing
carbonyl group locates in the terminal of a conjugation
system in 2 and directly downfield shifts the proton signal of
C(23), there is no conjugation system connecting the car-

Figure 1. 1H NMR spectra of 1 in CDCl3 at 298 K. The upper diagram shows the expanded region and the
structure of 1.

Figure 2. 1H NMR spectra of 2 and 3 recorded in CDCl3 at 298 K: (a) 1H NMR spectra of 2 in selected region;
(b) Full range 1H NMR spectra of 2 ; (c) 1H NMR spectra of 3 in selected region; (d) Full range 1H NMR spec-
tra of 3.
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bonyl group and the inner pyrrolic double bond on C(23) in
3. Noticeably, the 8.84 ppm for the outer NH proton in 3 is
shifted downfield by 1.81 ppm compared to the value of 7.03
in 2. The assignments of resonances for 2 and 3 were con-
firmed by peak correlations on NOESY and HSQC spectra
(see the Supporting Information). In the 1H NMR spectra of
4, 5, and 6, which can be found in the Supporting Informa-
tion, all the protons on the periphery of the macrocycle
show resonances that are nearly identical with the corre-
sponding resonances for compounds 1, 2, and 3, respectively.
For compound 4, the resonance of hydrogens on the ester
group appears at 3.94 ppm as a singlet and the singlet at
1.73 ppm is from the twelve hydrogens on the meso methyl
groups. Because of the different chemical environments, the
protons on the two ester groups for 5 and 6 exhibit different
resonances, that is, 3.929 and 3.932 ppm for 5 and 3.888 and
3.925 ppm for 6. As is observed from the 1H NMR spectra
of 2 and 3, in compounds 5 and 6, the peaks for the protons
on the methyl groups separate into two different chemical
shifts, each integrated into six hydrogens, at 1.77 and
1.81 ppm for 5 and at 1.48 and 1.84 ppm for 6.

The absorption spectra for compounds 1, 2, and 3 show
different profiles with a higher energy Soret-like band at
351 and 350 nm for 1 and 2, respectively. Split absorptions
at 329 and 395 nm are observed for compound 3. Broad
bands in the visible region are observed with absorption
maxima at 518, 550, and 709 nm for 1, 550 nm for 2, and
560 nm for compound 3 in dichloromethane (Figure 3). The
profiles for the absorption spectra appear to be independent

of the meso substitutents. Split Soret-like bands at 314 and
353 nm for 4 are observed. A sharp high energy band at
352 nm for 5 and split bands at 312 and 398 nm are observed
for 6. Broad bands in the low energy visible region are ob-
served with absorption maximum at 518 and 550 nm for 4,
554 nm for 5, and 570 nm for 6 in dichloromethane.

Single Crystal X-ray Structures

The explicit structures of 1, 2, and 3 are elucidated by single
crystal X-ray diffraction analyses (Figure 4). For 2 and 3, the
assignment of the inner-carbon atom and outer-nitrogen

atom, which constitute the inverted pyrrole ring, was con-
ducted based on the thermo-parameters. A convergence on
the refinement could not be reached if, instead, an inner ni-
trogen and an outer carbon were assigned on the oxygenat-
ed five-membered ring. In all cases, the positions of the hy-
drogens can be located directly from the electron density
map. The difference between the isomeric 2 and 3 is on the
locations of the oxygen and nitrogen atoms on the inverted
pyrrole ring. In the structural isomers of 2 and 3, compound
2 has the oxygen of the g-lactam moiety in close vicinity to
the macrocyclic phenylene ring and in the structure of 3, it
is found below the phenylene ring. Analysis of the single
crystal X-ray structures reveal that the ring conformation of
the macrocycle in 1 is much more distorted than 2 and 3.
The average deviation of 25 atoms on the macrocycle from
a mean tripyrrin plane for 1 is 1.044 � while the values for 2
and 3 are 0.680 and 0.630 �, respectively. The angle between
the CN2 inner-core plane and the macrocyclic–phenylene
plane is 70.35o for 2 and 69.76o for 3, but in case of 1, the
angle between the phenylene plane and the three pyrrolic

Figure 3. Absorption spectra of 1 (solid line), 2 (dotted line), and 3 (dash
line) in dichloromethane.

Figure 4. Top view (left column) and side view (right column) on the X-
ray structures of 1, 2, and 3 (from top to bottom).
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nitrogen plane is only 52.39o. Another interesting feature in
the crystal structure is that the angle between the vector
along two sp3 meso carbons and the plane, defined by the
mean plane of 17 atoms on a tripyrrin moiety, is 28.51o for
1, which is significantly larger than 15.79o and 14.34o for 2
and 3, respectively. These data are in good agreement with
the fact that 2 and 3 are less puckered than 1 with the phen-
ylene rings oriented vertical to the mean plane of the mac-
rocycles.

On the lactam rings, the C=O bond distance of O-Up and
O-Down differs slightly, that is, 1.221(3) and 1.236(2) � for
2 and 3, respectively. Nevertheless, both values are within
the double bond range suggesting that the keto form domi-
nates in the solid-state structures. In the crystal lattice of 2
and 3 (Figure 5), intermolecular hydrogen-bonding interac-
tions through g-lactam moieties on two neighboring mole-
cules were observed, with an amino group as hydrogen-
bonding donor and a carbonyl group as hydrogen-bonding

acceptor, to form dimeric structures. Consistent with a
longer C=O bond length in 3, the distance of 2.777 � in 3
from hydrogen bonded oxygen to nitrogen is shorter than
2.789 � in 2 and suggests stronger intermolecular hydrogen-
bonding interactions for 3. Analysis of space-filled models
on pairs of hydrogen-bonded molecules revealed a larger
steric constraint from the methyl group to the nearby meso
phenyl ring for 2, which contributes to the weakening of the
hydrogen-bonding interactions. The effect of steric con-
straint as a result of intermolecular interactions also reflects
on the conformation of the macrocycles. As shown in
Figure 4, because of the steric constraint, the solid state
structure of 2 adopted a more distorted geometry with a
larger deviation of the phenylene ring from the tripyrrin
unit in comparison with a near co-planar conformation in 3.

Formation of Self-Association Dimers Evaluated by
Association Constants

As described above, the solid state crystal structures of 2
and 3 assemble as dimers through hydrogen bonding of the
lactam amide bond. To reveal the potential interactions in
solution, association constants were obtained from the con-
centration dependent chemical shifts of 2, 3, 5, and 6 in
CDCl3. In the 1H NMR spectra of compound 2, the outer
NH proton’s resonance is shifted downfield by 0.115 ppm
when the concentration increases from 1.00 � 10�3 to 5.25 �
10�2

m while in 3, under the same conditions, the downfield
shift for the NH proton is as large as 1.949 ppm. The larger
chemical shift change implies a higher degree of dimeriza-
tion in the solution of 3. In addition, as shown in Table 1,
most of the proton resonances in 2, 3, 5, and 6 display a
trend of either a downfield or an upfield shift when the con-
centration is increased. As expected, the meso methyl
groups in the vicinity of the lactam ring, MeR, have the
second largest chemical shift difference after the outer NH
proton. The MeR shifted downfield by 0.013 ppm when the
concentration of 2 was increased from 1.00 � 10�3 to 5.25 �
10�2

m, but, intriguingly, an upfield shift of 0.087 ppm for
MeR was observed in 3 when the concentration was in-

Figure 5. Intermolecular hydrogen-bonding interactions between 2 (upper
diagram) and 3 (lower diagram) through lactam moiety. The hydrogen-
bonding distance is 1.941 � for 2 and 1.825 � for 3.

Table 1. Concentration dependent 1H NMR chemical shifts for the protons on 2, 3, 5, and 6.

Conc. [ � 10�2
m] outer NH H13 H14 H18 H19 H23 H22 MeL MeR

2 0.10 6.9664 5.9192 6.4758 6.3023 6.3551 7.1066 7.6287 1.8103 1.8028
5.25 7.0818 5.9271 6.4826 6.3088 6.3612 7.1159 7.6358 1.8168 1.8159
D +0.1154 +0.0079 +0.0068 + 0.0065 +0.0061 + 0.0093 +0.0071 + 0.0065 +0.0131

3 0.1 7.3500 5.8282 6.2423 6.5008 6.5510 5.7548 7.7905 1.8543 1.6019
5.00 9.2988 5.8604 6.2426 6.5069 6.5626 5.6990 7.8002 1.8406 1.5146
D +1.9488 +0.0322 valley + 0.0061 +0.0116 �0.0558 +0.0097 �0.0137 �0.0873

5 0.1 6.9347 5.8713 6.4231 6.2470 6.3650 7.1026 7.6068 1.8107 1.7990
4.20 7.4423 5.8705 6.4194 6.2441 6.3626 7.0932 7.5991 1.8078 1.7576
D +0.5076 �0.0008 �0.0037 �0.0029 �0.0024 �0.0094 �0.0077 �0.0029 �0.0424

6 0.1 7.4795 5.7734 6.1879 6.4322 6.5591 5.7485 7.7721 1.8350 1.5926
5.07 9.7077 5.8221 6.1885 6.4404 6.5724 5.6722 7.7698 1.8376 1.4607
D +2.2282 +0.1087 valley + 0.0082 +0.0133 + 0.0763 valley + 0.0026 �0.1319

D : The difference of chemical shifts at low and high concentration. The values are positive for a downfield shift and are negative for an upfield shift
when the concentration of the solution was increased; valley denotes that no clear trend was observed.
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creased. The opposite direction of the changes in the chemi-
cal shift for MeR in 2 and 3 is likely a result of different spa-
tial orientation which generates different types of ring-cur-
rent effects between the meso phenyl ring and the nearby
MeR. While the O-Up isomer, 2, gives a closed-contact with
MeR directing toward the periphery of the phenyl ring,
while the MeR orients toward the center of the ring current
in 3.

Careful examination of the chemical shift change reveals
downfield shifts of 0.508 and 2.228 ppm for the outer NH
proton in 5 and 6, respectively, when the concentration in-
creases from 1.00 � 10�3 to 4.20 � 10�2

m for 5 and from 1.00 �
10�3 to 5.07 � 10�2

m for 6. The chemical shift changes are
larger in 5 and 6 than the corresponding values of 0.013 and
1.949 ppm in 2 and 3, respectively. Concerning the chemical
shift of MeR, the values shifted upfield by 0.042 and
0.132 ppm for 5 and 6, respectively, when the concentration
was increased. The larger chemical-shift difference of MeR
in 5 and 6 also supports the higher tendency of dimerization
with 4-methylcarboxyphenyl substituents. According to the
chemical shifts, it appears that compound 6 has the largest
dimerization equilibrium constant. In addition to intermo-
lecular hydrogen-bonding interactions between amide
bonds, additional effects from, for example, hydrogen-bond-
ing interactions between the carbonyl group of methylcar-
boxyphenyl and MeR or between methylcarboxyphenyl
C=O and the inner NH protons might also contribute to a
higher degree of self-aggregation.

dobs ¼ dm þ dd � dmð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 8Ka½A�0
p

� 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 8Ka½A�0
p

þ 1
ð1Þ

The use of Equation (1) for non-linear regression curve
fittings on the plots of chemical shifts (dobs) vs concentration
([A]) based on the resonances of the outer NH proton gives
the desired association constants (Ka).[25] As shown in
Figure 6, the association constant of 72.3 m

�1 for 3 is more
than two orders of magnitude higher than the value of
0.57 m

�1 for 2. This result obtained from 1H NMR in solution

is consistent with a longer carbonyl C=O bond distance and
a shorter hydrogen-bonding distance for 3 in the solid state
crystal structure in comparison with 2. According to the
plot, the chemical shifts of the outer NH proton on the
lactam ring in the monomeric (dm) and dimeric (dd) state
are calculated to be 6.96 and 9.14 ppm for 2 and 6.94 and
10.26 ppm for 3. For 5 and 6, the association constants of
12.3 and 109.8 m

�1, respectively, are obtained and the chemi-
cal shifts for the monomeric and dimeric state of the outer
NH proton are 6.89 and 8.35 ppm for 5, and 6.88 and
10.68 ppm for 6. In comparison with other self-association
systems, the values of 3 and 6 are comparable with other
lactam ring containing macrocycles in the literature and are
much larger than the value of 0.166 m

�1 obtained from the
dimerization of 2-aminopyridine.[25–27]

To evaluate the potential of using the lactam ring contain-
ing benziporphodimethene as an effective compound for
molecular recognition,[8,23a] both 5 and 6, at a concentration
of 6.2 �10�3

m to act as hosts, were treated with an increasing
amount of the guest molecule, 2-aminopyrimidine. A
0.38 ppm shift downfield for the resonance of the outer NH
proton was observed when 10 equiv of 2-aminopyrimidine
was added to the CDCl3 solution of 5, while, under the same
conditions, a 0.17 ppm downfield shift was observed for 6.
Interestingly, when applied to this host–guest recognition
system, compound 5 appears to have a higher association
constant in comparison with 6, probably because more mon-
omeric compound 5 is available for interacting with guest
molecules. Because of the complicated intermolecular inter-
actions of forming 1:1 and 2:1 host–guest complexes as well
as the presence of self-association dimers for host and guest
molecules, no effort was attempted to obtain the equilibrium
constant in the host–guest systems.

Density Functional Calculation

Density functional theory methods have been successfully
used to calculate the electronic structures of porphyrins and
their related analogues to provide information on their ener-
getics, conformational behavior, tautomerism, and aromatic-
ity.[28] In this work we have isolated new isomeric N-con-
fused m-benziporphodimethenes containing a g- lactam ring,
2 and 3 during the synthesis of 1. From the conjugation
system point of view, 2 has a longer conjugation length than
3 and involves 14 p electrons in one delocalization path in
comparison with the longest 12 p electron delocalization
path in 3. Similar pathways of conjugation in 2 and 3 have
been observed in 5 and 6, respectively. We are curious to
know, of the two isomeric confused benziporphodimethenes,
which structure is energetically more favorable. Also, it is
desirable to know the energy difference between regular tet-
ramethyl-m-benziporphodimethene and its inverted isomers
as well as enthalpy changes during the formation of hydro-
gen bonded dimers. To address these issues, we have carried
out full geometry optimization DFT[29] calculations on com-
pounds 1, 2, and 3 using the B3LYP/6-311 +GACHTUNGTRENNUNG(d,p)//B3LYP/
6-31G ACHTUNGTRENNUNG(d,p) level of theory. DFT studies were also carried

Figure 6. Plot of the observed chemical shift of the outer NH group vs
concentration for 2, 3, 5, and 6. The association constants were obtained
by curve fitting to Equation (1).
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out on inverted isomers of tetramethyl-m-benziporphodime-
thenes, 1-1 and 1-2, using the same level of theory in the gas
phase. Initial geometries were taken from the single crystal
X-ray structure determinations. The structures on isomers of
m-benziporphodimethene and oxygenated N-confused m-
benziporphodimethene are given in Scheme 2. The relative

energies for each series of molecules are given in parenthe-
sis below the molecule code and also summarized in
Table S1 of the Supporting Information. Since 2 and 3 con-
tain a g-lactam moiety, the existence of keto–enol tautomer-
ism through intramolecular hydrogen bonding is of interest.
Therefore, we have also carried out DFT calculations on
their enol forms 2-1 and 3-1 and compared the relative ener-
gies with the keto tautomers 2 and 3.

As shown in Scheme 2, the energy differences between 1
and its inverted isomers 1-1 and 1-2 are 5.33 and 7.62 kcal
mol�1, respectively. The inner core hydrogen-bonding inter-
action between NH and the imino nitrogen apparently plays
an important role in stabilizing the isomer 1 in comparison
to 1-1 and 1-2 as in the case of tetraphenylporphyrin vs N-
confused tetraphenylporphyrin.[30] The inner NH group can
have a hydrogen-bonding interaction with two inner-core
imino nitrogens in 1 but, in 1-1 and 1-2, only one imino ni-
trogen is available to have such an interaction. Furthermore,
in comparison with 1-2, the position of the peripheral a-pyr-
rolic CH close to the sp3 carbon, as in the case of 1-1, releas-
es the steric interaction between the a-pyrrolic CH and
ortho protons of the nearby meso phenyl ring to stabilize
the structure of 1-1. Among the two isomeric N-confused
benziporphodimethenes, it is evident that structure 2 O-Up

is energetically more stable than 3 O-Down by 8.49 kcal
mol�1. The reason may arise from the longer conjugation in
2, which stabilizes the structure of 2. Same orders for total
energy were observed in the series of compounds with 4-
methylcarboxyphenyl substituents on the meso positions.
(see Scheme S1 in the Supporting Information) Importantly,
the DFT[27] calculations on the enol forms, 2-1 and 3-1,
showed increases of 16.63 kcal mol�1 and 13.65 kcal mol�1

comparing with their corresponding keto tautomer of 2 (O-
Up) and 3 (O-Down), respectively, and increases of 16.23
and 14.00 kcal mol�1 were calculated for the enol forms with
4-methylcarboxyphenyl substituted, in comparison with the
corresponding keto isomers. The HOMO–LUMO energy
gaps among the structure 1, 2, and 3 are 2.6, 2.5, and 2.3 eV,
respectively, and similar energy gaps are obtained for their
4-methylcarboxyphenyl substituted compounds, which indi-
cates that ester substituents will not affect the electronic
structure of macrocycles. The strength of dimeric association
assembling through hydrogen-bonding interactions for 2 (O-
Up) and 3 (O-Down) was evaluated through the difference
between the total energy of two independent molecules and
a dimeric molecule optimized from crystal structures. Al-
though the gas phase was assumed for the DFT calculation,
the larger decrease in enthalpy with a value of 20.43 kcal
mol�1 for the dimerization of the O-Down isomer 3 in com-
parison with the value of 12.13 kcal mol�1 for 2 is in good
agreement with a stronger intermolecular hydrogen-bonding
interaction in 3 than in 2.[31]

Conclusions

In the present work we have reported on the synthesis of
tetramethyl-m-benziporphodimethene and its N-confused
analogues with an oxygenation on the inverted pyrrole ring
leading to a CCNN frame. For the first time, both isomers
of g-lactam containing N-confused tetramethyl-m-benzipor-
phodimethenes are isolated and structurally characterized.
The crystal structures of g-lactam containing N-confused tet-
ramethyl-m-benziporphodimethenes form dimeric structures
through intermolecular hydrogen-bonding interactions. The
association constant study suggests that the O-Down isomer
with the carbonyl away from the neighboring sp3 carbon ex-
hibits a stronger intermolecular hydrogen-bonding interac-
tion. Computational chemistry suggests that the keto form
of oxygenated N-confused tetramethyl-m-benziporphodime-
thenes, as isolated, are more stable than their enol forms.
DFT calculations also demonstrate that regular tetramethyl-
m-benziporphodimethenes are more stable than their invert-
ed isomers. The new type of macrocyclic frame with a
CCNN core is being explored in our lab to study the coordi-
nation chemistry of these isomeric species. Also, considering
that the amido unit is prevalent in biological molecules, it
will be intriguing to adopt the hydrogen-bonding capability
in lactam containing N-confused benziporphodimethene for
the design of other molecular recognition systems with bio-
logical significance.

Scheme 2. Different isomers of m-benziporphodimethes on which DFT
calculations were carried out. The total energies (in Hartree) and relative
energies (in kcal mol�1) with respect to 1 for pyrrole based macrocycles
and to 2 for lactam based macrocycles are given in parentheses.
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Experimental Section

Reagents

Pyrrole (Merck) and benzaldehyde (Riedel-de Ha�n) were redistilled
prior to use whereas a,a’-dihydroxy-1,3-diisopropylbenzene (TCI) and
boron trifluoride ethyl ether complex (TCI), 2,3-dichloro-5,6-dicyano-p-
benzoquinone (DDQ, Acros) were used as supplied. All other reagents
and solvents were of high purity and were used as purchased without any
further purification. CDCl3 (Aldrich) was distilled over CaH2 and stored
in an inert atmosphere glove box. Basic alumina oxide (0.063~0.2 mm)
and silica gel (0.04~0.063 mm) were obtained from Merck.

General Procedure

Electronic spectra were recorded at 298 K with an Agilent 8453 spectro-
photometer. IR measurements were carried out with a Perkin–Elmer
Paragon 1000 spectrophotometer. NMR spectra were recorded on a
Bruker Spectrospin 400 Ultra Shield spectrometer. NMR spectra were
referenced to residual solvent signals. X-ray single-crystal structures were
determined using a Bruker Apex X8 single crystal diffractometer
equipped with a 4 K Apex II CCD detector. High resolution mass data
was obtained using a JEOL JMS-700 mass spectrometer. Elemental anal-
yses were carried out on a Perkin–Elmer 2400CHN elemental analyzer.
Photoirradiations were carried out in a Penchum Photochemical PR-2000
photo-reactor fitted with sixteen 8W G8T5E UVB lamps (Sankyo,
Denki, Japan) with a maximum intensity at 302 nm. Column chromatog-
raphy was routinely carried out using the gravity-feed-column technique
on Merck silica gel. Analytical thin-layer chromatography (TLC) analy-
ses were performed on Merck silica gel 60 F254 precoated aluminum
sheets.

Synthesis of 1, 2, and 3

A solution of a,a’-dihydroxy-1,3-diisopropylbenzene (98 mg, 0.50 mmol),
benzaldehyde (102 mL, 1.01 mmol), and pyrrole (104 mL, 1.51 mmol) in
CH2Cl2 (150 mL) was treated with BF3·OEt2 (13 mL, 0.10 mmol) and
stirred at 27 8C. Two hours later, DDQ (374 mg, 1.65 mmol) was added
into the reaction mixture, and continuously stirred for 2 h at 27 8C. The
reaction was quenched with triethylamine and the solvent was removed
in vacuo. The crude mixture was dissolved in a minimum amount of
CH2Cl2 and was purified using silica gel column chromatography
(400 mL) eluting with CH2Cl2 to give 1 (72 mg, 27%) as a red powder, 2
(11 mg, 4%) as a red powder, and 3 (2 mg, 0.8%) as a purple powder.
Alternatively, 3 can be synthesized from 1 with a higher yield through a
photochemical reaction. The details of this reaction are provided later.

1: Rf =0.11 (CH2Cl2); UV/Vis (CH2Cl2): l(e)=550 (19500), 518 (17400),
349 nm (32300); 1H NMR (400 MHz, CDCl3, 25 8C): d=12.46 (br, 1H,
NH), 8.00 (s, 1 H, 22-ArH), 7.29–7.48 (m, 13H, 2,3,4-ArH and meso-
ArH), 6.83 (ab quartet, 3JH,H =4.54 Hz, 4H, 8,9,18,19-PyrrH), 6.19 (s, 2 H,
13,14-PyrrH), 1.75 ppm (s, 12H, CH3); 13C NMR (400 MHz, CDCl3,
25 8C): d= 182.20, 152.15, 147.38, 139.05, 138.46, 138.27, 136.83, 131.94,
129.06, 128.54, 127.78, 127.45, 125.12, 123.32, 121.50, 42.33, 29.17 ppm;
HRMS (FAB): m/z (%) calcd for C38H34N3: 532.2752 [M+H]+ ; found:
532.2745 (100); elemental analysis: calcd (%) for C38H33N3·0.5 C6H14:
C 85.67, H 7.01, N 7.31; found: C 84.08, H 7.32, N 7.31.

2 : Rf =0.59 (CH2Cl2); UV/Vis (CH2Cl2): l(e) =550 (24500), 350 nm
(33900); 1H NMR (400 MHz, CDCl3, 25 8C): d=11.42 (br, 1H, NH), 7.60
(s, 1 H, 22-ArH), 7.23–7.37 (m, 12 H, 2,4-ArH and meso-ArH), 7.15 (m,
1H, 3-ArH), 7.08 (d, 4JH,H =1.65, 23-PyrrH), 7.03 (s, 1H, NH), 6.45 (d,
3JH,H = 4.44, 1H, 14-PyrrH), 6.33 (d, 3JH,H =4.00, 1 H, 19-PyrrH), 6.28 (d,
3JH,H = 4.05, 1H, 18-PyrrH), 5.89 (d, 3JH,H =4.45, 1 H, 13-PyrrH), 1.78 (s,
6H, CH3), 1.77 ppm (s, 6H, CH3); 13C NMR (400 MHz, CDCl3, 25 8C):
d=169.88, 157.31, 148.23, 147.20, 146.95, 146.60, 137.56, 135.72, 135.64,
133.42, 132.03, 130.71, 130.13, 128.82, 128.77, 128.52, 128.50, 127.40,
125.61, 125.24, 124.17, 122.67, 120.13, 109.26, 40.90, 40.88, 39.45, 39.43,
28.14, 26.84 ppm; HRMS (FAB): m/z (%) calcd for C38H34N3O: 548.2702
[M+H]+ ; found: 548.2708 (100); elemental analysis: calcd (%) for
C38H33N3O·0.3CH2Cl2: C 80.25, H 5.91, N 7.33; found: C 80.72, H 6.07,
N 5.99.

3 : Rf =0.26 (CH2Cl2); UV/Vis (CH2Cl2): l(e)=561 (15800), 395 (14100),
329 nm (15100); 1H NMR (400 MHz, CDCl3, 25 8C): d=12.10 (br, 1H,
NH), 8.84 (s, 1H, NH), 7.79 (s, 1H, 22-ArH), 7.15–7.38 (m, 13H, 2,3,4-
ArH and meso-ArH), 6.56 (d, 3JH,H =4.36, 1H, 19-PyrrH), 6.50 (d, 3JH,H =

4.24, 18-PyrrH), 6.24 (d, 3JH,H =4.28, 1H, 14-PyrrH), 5.82 (d, 3JH,H =4.28,
1H, 13-PyrrH), 5.71 (d, 4JH,H = 2.12, 1 H, 23-PyrrH), 1.83 (s, 6 H, CH3),
1.53 ppm (s, 6 H, CH3); 13C NMR (400 MHz, CDCl3, 25 8C): d=170.73,
170.53, 153.91, 152.68, 148.61, 144.94, 143.04, 139.67, 138.95, 137.41,
131.49, 130.80, 129.89, 128.69, 128.65, 127.98, 127.95, 127.57, 127.30,
127.22, 126.18, 125.93, 123.57, 123.04, 116.32, 102.07, 53,50, 40.64, 28.05,
27.60 ppm; HRMS (FAB): m/z (%) calcd for C38H34N3O: 548.2702
[M+H]+ ; found: 548.2706 (100); elemental analysis: calcd (%) for
C38H34N3O: C 83.32, H 6.08, N 7.68; found: C 82.64, H 6.02, N 7.40.

Synthesis of 3 through Photochemical Reactions

In a quartz tube, 1 (28 mg, 0.05 mmol) was dissolved in CH2Cl2 (15 mL)
and sealed with a rubber septum. O2 gas was bubbled into the solution
for 5 min. The O2 saturated solution of 1 was exposed to UV light
(302 nm) for 24 h. The solvent was removed in vacuo and the crude solid
was dissolved in a minimum amount of CH2Cl2 and was purified using
silica gel column chromatography using CH2Cl2 as an eluent. The first
purple band was collected and dried in vacuo to obtain a purple solid of
3. (2.5 mg, 8.7%) The hexane/dichloromethane/ethyl acetate (7:3:2)
mixed solvent was used to recover unreacted 1 as a red solid (21.6 mg,
77%). The UV/Vis spectrum, 1H NMR and mass spectrum of 3, obtained
from the photochemical reaction, were confirmed to be identical to 3 ob-
tained from the acid-catalyzed condensation reaction described previous-
ly.

Synthesis of 4, 5, and 6

A solution of a,a’-dihydroxy-1,3-diisopropylbenzene (194 mg, 1 mmol),
methyl 4-formylbenzoate (328.3 mg, 2 mmol) and pyrrole (208 mL,
3 mmol) in CH2Cl2 (900 mL) was treated with BF3·OEt2 (100 mL,
0.81 mmol) and stirred at room temperature for 2 h. DDQ (750 mg,
3.3 mmol) was added to the reaction mixture, and continuously stirred
for another 30 min at room temperature. The solvent was removed in
vacuo. The crude mixture was dissolved in a minimum amount of CH2Cl2

and was purified using column chromatography packed with slurry silica
gel in CH2Cl2. Byproducts from the reaction mixture were eluted out
using CH2Cl2 and the mixture of 4, 5, and 6 was eluted out using a 7:3:2
ratio of hexane, CH2Cl2, and ethyl acetate. The collected mixture of solu-
tion was evaporated under reduced pressure on a rotovap. The solid resi-
due was further dissolved in CH2Cl2, loaded on top of a column packed
with silica gel in CH2Cl2, and eluted by the same ratio of hexane, CH2Cl2,
and ethyl acetate. The first red fraction of 4 collected contained impurity
and was used for further chromatography, while pure solutions of 5 and 6
were eluted out as second and third major fractions, respectively. Analyti-
cal pure compounds of 5 (19 mg, 2.9%) and 6 (8.3 mg, 1.25 %) were ob-
tained after solvent removal. The solid of 4 was dissolved in a minimum
amount of CH2Cl2, loaded to a silica gel column, and eluted using
CH2Cl2. The impurity was discarded and the pure solution of 4 was
eluted out using the mixture of hexane, CH2Cl2, and ethyl acetate in a
ratio of 7:3:2. The solvent was removed in vacuo to give 4 as a red
powder (71.3 mg, 11 %).

4 : Rf =0.78 (hexane/CH2Cl2/ethylacetate= 7:3:2); UV/Vis (CH2Cl2):
l(e)=550 (21900), 518 (20000), 353 (32400), 314 nm (27500); 1H NMR
(400 MHz, CDCl3, 25 8C): d=12.34 (br, 1H, NH), 8.07 (d, 3JH,H =8.28,
4H, meso-meta-ArH), 7.94 (s, 1H, 22-ArH), 7.52 (d, 3JH,H =8.32, 4 H,
meso-ortho-ArH), 7.24–7.28 (m, 3H, 2,3,4-ArH), 6.83 (d, 3JH,H =4.60, 2H,
8,19-pyrrH), 6.75 (d, 3JH,H =4.64, 2H, 9,18-PyrrH), 6.08 (s, 2H, 13,14-
PyrrH), 3.94 (s, 6 H, OCH3), 1.73 ppm (s, 12H, CH3); HRMS (ES): m/z
(%) calcd for C42H38N3O4: 648.2862 [M+H]+ ; found: 648.2856 (100).

5 : Rf =0.48 (hexane/CH2Cl2/ethylacetate= 7:3:2); UV/Vis (CH2Cl2):
l(e)=554 (24000), 352 nm (28800); 1H NMR (400 MHz, CDCl3, 25 8C):
d=11.41 (br, 1 H, NH), 8.08 (d, 3JH,H =8.28, 2 H, meso-meta-ArH), 8.04
(d, 3JH,H =8.36, 2H, meso-meta-ArH), 7.60 (s, 1H, 22-ArH), 7.45 (d,
3JH,H = 8.20, 2 H, meso-ortho-ArH), 7.40 (d, 3JH,H =8.32, meso-ortho-ArH),
7.16–7.31 (m, 3H, 2,3,4-ArH), 7.09 (s, 1H, 23-PyrrH), 6.42 (d, 3JH,H =4.44,
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1H, 14-PyrrH), 6.37 (d, 3JH,H = 3.96, 1H, 19-PyrrH), 6.25 (d, 3JH,H =3.84,
18-PyrrH), 5.87 (d, 3JH,H =4.44, 1 H, 13-PyrrH), 3.929 (s, 3 H, OCH3),
3.932 (s, 3H, OCH3), 1.81 (s, 6H, CH3), 1.77 ppm (s, 6 H, CH3); HRMS
(ES): m/z (%) calcd for C42H38N3O5: 664.2811 [M+H]+ ; found: 664.2759
(100).

6 : Rf =0.20 (hexane/CH2Cl2/ethylacetate= 7:3:2); UV/Vis (CH2Cl2):
l(e)=570 (17800), 398 (16600), 312 nm (21400); 1H NMR (400 MHz,
CDCl3, 25 8C): d=12.05 (br, 1 H, NH), 9.30 (s, 1 H, NH), 8.01–8.05 (ab
quartet, 4H, meso-meta-ArH), 7.78 (s, 1 H, 22-ArH), 7.43 (d, 3JH,H =8.24,
2H, meso-ortho-ArH), 7.33 (d, 3JH,H =8.24, meso-ortho-ArH), 7.18–7.30
(m, 3H, 2,3,4-ArH), 6.57 (d, 3JH,H =4.36, 1 H, 19-PyrrH), 6.44 (d, 3JH,H =

4.36, 1 H, 18-PyrrH), 6.19 (d, 3JH,H =4.36, 1 H, 14-PyrrH), 5.81 (d, 3JH,H

4.32, 1H, 13-PyrrH), 5.68 (d, 4JH,H = 1.80, 1H; 23-PyrrH), 3.93 (s, 3H,
OCH3), 3.89 (s, 3 H, OCH3), 1.84 (s, 6H, CH3), 1.48 ppm (s, 6 H, CH3);
HRMS (ES): m/z (%) calcd for C42H38N3O5: 664.2811 [M+H]+ ; found:
664.2802 (100).

X-ray Structure Determination

Crystal data and other details of the structure analysis are presented in
Table 2. Suitable crystals of 1, 2, and 3 were obtained by slow diffusion of
n-hexane into a CH2Cl2 solution at room temperature. Crystals were
mounted on the end of a glass fiber. The diffraction frames were integrat-
ed using the SAINT package[32] and corrected for absorption with
SADABS.[33] The structure was solved by direct methods, expanded using
Fourier techniques, and refined on F2 by full-matrix least-squares meth-
ods. All refinements were carried out using the program SHELXL-97.[34]

All non-hydrogen atoms were assigned anisotropic displacement parame-
ters and refined without positional constraint. The positions of hydrogen
on the pyrrolic nitrogens for 2 and 3 can be clearly confirmed from the
density map but further refinements gave elongated N�H bonds and
were constrained to idealized distances. All other hydrogen atoms were
introduced at idealized positions (C�H =0.96) and were allowed to ride
on the parent carbon atom. The drawing of the crystal structures with
atom numbering at the 50% probability level of displacement ellipsoids
are shown in Figure S11 to S13 of the Supporting Information.

CCDC 700796, 700797, and 700798 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre at www.ccdc.cam.
ac.uk/data_request/cif.

DFT Calculation

DFT calculations were performed with
the Gaussian 03 program.[29] Geometry
optimizations were carried out within
unconstrained C1 symmetry. Starting
geometries were obtained from the
crystal structures. Becke�s three pa-
rameters exchange functional[35] with
the gradient corrected correlation for-
mula of Lee, Yang, and Parr [DFT-
B3LYP][36] was used with the 6-31g**
basis set to optimize the geometry.
Single-point calculations were carried
out at B3LYP/6-311g** level of theory.
Harmonic vibrational frequencies
were calculated using analytical
second derivatives for all structures.
Calculated vibrational frequencies
show that the obtained geometries
represent true minima since no imagi-
nary frequencies were found. In all
calculation, convergence was reached
when the relative change in the densi-
ty matrix between subsequent itera-
tion was less than 1� 10�8.
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