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Abstract: The molecular structures of
bonellin-dimethylester isomers and
transition states, for the hydrogen mi-
gration of the inner hydrogens, have
been optimized at density functional
level by the use of split-valence basis
sets augmented with polarization func-
tions. Accurate values for the relative
energies of the six isomers and the eight
transition states have been obtained by
performing second-order Mùller ± Ples-
set calculations. The isomer energies
obtained at density functional level are

2 ± 5 kcal molÿ1 smaller than second-or-
der Mùller ± Plesset values, while the
isomer energies calculated at Hartree ±
Fock level are typically 1 kcal molÿ1 too
small compared with second-order Mùl-
ler ± Plesset values, except for one iso-
mer whose Hartree ± Fock energy is

7 kcal molÿ1 larger. Compared with the
second-order Mùller ± Plesset values, the
energy barriers for the transition be-
tween the isomers calculated at density
functional level are 3 ± 7 kcal molÿ1 too
small, whereas those obtained at Har-
tree ± Fock level are 6 ± 8 kcal molÿ1 too
large. Nuclear magnetic shielding con-
stants calculated at Hartree ± Fock level
are also reported. The calculated nucle-
ar magnetic shieldings are used for
analyzing the aromaticity and the aro-
matic pathway of the porphyrin nucleus.
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Introduction

The tautomeric exchange involving inner hydrogen migration
is a fundamental property of porphyrins; this has been the
subject of extensive experimental and computational stud-
ies.[1±13] Computational studies at ab initio level have so far
mostly been restricted to unsubstituted free-base porphyrins
(PorH2) and monodeprotonated free-base porphyrin (PorHÿ).
A number of studies have focused on computational method
assessment,[14±16] spectral details,[17±20] force fields,[21±23] and
substituent effects[24±28] of porphyrins. Recently Ghosh and
Jynge have made extensive local density functional (LDF)
calculations on the cis ± trans isomerism in porphyrin iso-
mers[29] and they also compared free-base porphyrin with
various chlorins.[30]

In this work we apply ab initio methods on bonellin-
dimethylester, which is a multiply substituted free-base
porphyrin possessing C1 symmetry. Since all substituents are
different, six nondegenerate isomers are obtained by permut-

ing the inner hydrogens and the eight transition states (with
one imaginary vibrational frequency) of the migration of the
inner hydrogens. Bonellin is the green pigment of Bonellia
viridis (a marine animal in the Mediterranean[31]) that is
secreted upon irritation. Bonellin stunts the growth of the
sexually undifferentiated larvae and is responsible for their
development into the male gender. It exhibits antibiotic[32] and
antitumour[33] characteristics in vitro, and has therefore
captured the interest of both chemists and biologists.[31±37]

The absolute configuration of bonellin has recently been
established experimentally and its dimethylester has been
synthesized from four monocyclic building blocks.[35, 36] Bone-
llin-dimethylester has also been the subject of extensive
nuclear magnetic resonance studies.[37] The NMR spectrum
possesses fine structure at low temperature due to non-
equivalent free-base hydrogens, while at room temperature
only one free-base hydrogen NMR resonance is found. These
intriguing observations led to the present calculations as a
means of predicting possible isomers.

Computational methods

In density functional theory (DFT) methods, the exchange correlation term
is approximated by a function of the electron density [1(r)] and its gradient
[D1(r)]. In this way one achieves a separation of the evaluation of the
Coulomb and exchange-correlation terms, which opens the way to a more
efficient treatment of the Coulomb energy. In the resolution of the identity
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approach (RI), 1(r) is approximated by an expansion in atom-centered
auxiliary basis sets [Eq. (1)] which avoids the evaluation of four-center two-
electron integrals.[38]

1(r)�
X

a

caa(r)� 1Ä(r) (1)

The RI-DFT approach reduces, depending on the size of the molecule, the
computational costs by a factor of four to ten.[38] In this work, the molecular
structures of the isomers and transition states have been optimized at the
RI-DFT level with the Becke ± Perdew (B ± P) parametrization[39] as
implemented in TURBOMOLE.[40]

Accurate values for the isomer and transition-state energies have been
obtained by performing single-point second-order Mùller ± Plesset (MP2)
calculations. Computational savings of one order-of-magnitude without any
loss of accuracy, when compared with conventional MP2 calculations, can
be achieved by the use of auxiliary basis sets to short-cut the evaluation of
two-electron integrals.[41±43]

The molecular structures of the tran-
sition states were obtained by fixing
one RNH bond length and optimizing
all other degrees of freedom. This
procedure was repeated for a number
of RNH and the stationary point was
obtained by interpolation. The final
energies of the transition states were
obtained by optimizing the molecule
with the interpolated RNH bond length
fixed and all the other degrees of
freedom fully optimized.

Due to the large size of the molecule it
was not possible to check whether the
found minima and transition points
are true minima and saddle points,
respectively. The zero-point energies
(ZPE) were assumed to be of the same
order of magnitude as obtained at the
semiempirical level for unsubstituted
porphyrins.

The present RI-MP2 calculations are
approximatively as time consuming as
the Hartree ± Fock calculation. For
smaller systems the RI-MP2 calcula-
tions are often even faster than the
corresponding Hartree ± Fock calcula-
tion. A single-point RI-MP2 calcula-
tion on bonellin-dimethylester takes
approximatively 20 hours of CPU time
on a DEC Alpha 500/500 MHz work-
station. All semiempirical calculations were performed on a 133 MHz
Pentium PC with the HYPERCHEM program package, version 5.01.[44]

Basis sets : In this study we employed split-valence basis sets augmented
with polarization functions. The sp parts (s part for hydrogen) of the basis
sets were optimized for atoms at the self-consistent field (SCF) level.[45, 46]

Two different basis sets were employed. The molecular optimizations were
performed at DFT level with split-valence-quality basis set augmented with
polarization functions on C, N, and O.[47] This basis set is denoted SV(P).
However, in the final single-point DFT, SCF, and MP2 calculations, the
basis set was augmented with polarization functions on H. The larger basis
set we denote SVP. The exponents of the polarization functions were 0.8,
0.8, 1.0, and 1.2 for H, C, N, and O, respectively. In calculations of nuclear
magnetic shielding constants for unsubstituted free-base trans-porphyrin
and pyrrole, triple-zeta-quality basis sets augmented with polarization
functions (TZVP) were employed.[48]

Different auxiliary basis sets were used in the RI-MP2 and RI-DFT
calculations. In the RI-MP2 calculations, the auxiliary basis sets are
constructed by decontracting the standard triple-zeta-quality basis sets[46, 48]

and augmenting them with higher angular-momentum functions. The RI-
MP2 auxiliary basis set for H consisted of 5s 2p1d contracted to 3s2p1d
(5s 2p1d/3s 2p1d), while for C, N and O we used 11s 6p2d1f/6s 4p 2d 1f
auxiliary basis-sets. The optimized auxiliary basis sets used in the RI-DFT

calculations[46] consisted of 4s 2p/2s 1p for H and of 8s3p 3d 1f/6s 3p 3d1f for
C, N, and O.
The SV(P) basis set for bonellin-dimethylester resulted in 650 spherical
Gaussians, while the SVP basis-set consisted of 764 spherical Gaussian
basis functions. In the MP2 calculations, the core orbitals (1sC, 1sN, and 1sO)
were uncorrelated, which yielded 214 correlated electrons and 616 virtual
orbitals, and since the calculations were performed in C1 symmetry, the
number of MP2 amplitudes became formally 4.3� 109.

Results and Discussion

The structures of the six isomers of bonellin-dimethylester
obtained by permuting the two inner hydrogens are shown in
Figure 1. The migration paths between the isomers are

schematically shown in Figure 2. For the discussion of the
results the numbering scheme for the most relevant atoms is
given in Figure 3. The pyrrole
rings are numbered clockwise
starting from the pyrrole ring
with N1. Since most computa-
tional studies of substituted
porphyrins have so far been
performed at semiempirical
and molecular mechanical lev-
els of theory, the energies and
structures are compared with
semiempirical values. The most
significant differences between present DFT, MP2, and
semiempirical values are emphasized.

A. Energetics : The relative energies of the bonellin-dimethy-
lester isomers are given in Table 1. Isomer 1, which is the
energetically lowest isomer, is chosen to be the reference

Figure 1. The optimized molecular structures of isomers 1 to 6.

Figure 2. Transition paths be-
tween isomers of bonellin-di-
methylester.
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Figure 3. Numbering scheme for the atoms.

structure. As seen in Table 1, the isomer energies calculated at
DFT level are 2 ± 5 kcal molÿ1 smaller than MP2 energies,
while the SCF energies are at most 1 kcal molÿ1 smaller than
MP2 values except for isomer 6, whose energy at Hartree ±
Fock level is 7 kcal molÿ1 too large compared with the MP2

value. Calculations at semiempirical unrestricted Hartree ±
Fock (UHF) AM1[49] and PM3[50] levels provide approximate-
ly the same energy differences between the isomers as
obtained at MP2 level. Since Crossley et al.[8] found in their
NMR study of 5,10,15,20-tetraphenylporphyrins that the
electronic structure of the substituents did not significantly
affect the transition barriers, we did not consider it necessary
to study the effect of different conformations of the side
chains on the isomer and transition energies.

As seen in Table 1, isomer 4 is at MP2 level 7.6 kcal molÿ1

above isomer 1, while isomers 2 and 6 are 9 kcal molÿ1 above 1.
Isomers 3 and 5 are both significantly (16 ± 17 kcal molÿ1)
higher in energy than the other isomers.

Unsubstituted porphyrin with the inner hydrogens in trans
position have been found to be energetically lower than cis-

porphyrin.[4, 5, 29, 30] For bonellin-dimethylester there are two
nondegenerate trans-isomers (isomer 1 and 6). Isomer 1 is
lower in energy, since its aromatic resonance pathway is not
affected by the substituents. For isomer 6, the two methyl
groups connected to C24 destroy the aromatic resonance
pathway of the porphyrin nucleus; this is also reflected in the
bond lengths. In all isomers, the CaÿCb bonds in the fourth
pyrrole ring are 5 ± 10 pm longer than the CaÿCb bonds of the
other pyrrole rings. The CbÿCb' bonds are 15 ± 20 pm longer
than the corresponding bonds of the other pyrrole rings (see
Table 2). Isomers 2 and 4 with the inner hydrogens in cis
position lie lower in energy than isomers 3 and 5, since their
resonance pathways are not affected by the two methyl groups
at C24. The aromaticity of the porphyrin nucleus and the
aromatic resonance pathways of the isomers will be discussed
in section C.

The same rule can also be applied for the transition states.
The transition state between isomers 1 and 2 (TS1$2) and
TS1$4 are the lowest transition states, since they do not involve
any hydrogens connected to N13. The energies of the other
transition states are considerable higher in energy. The
energies of the transition states calculated at DFT level are
all 3 ± 7 kcal molÿ1 too small, while the SCF energies are about
6 ± 8 kcal molÿ1 too large when compared with the MP2 values
(see Table 3). At semiempirical level (UHF PM3) similar
energies (ca. 29 kcal molÿ1) are obtained for both the TS1$2

and TS1$5 transition barriers; this is not in agreement with
MP2 results. The reason for the discrepancy might be the fact
that HYPERCHEM[44] was not able to find a true transition
state; instead the PM3 calculations located hill tops on the
energy surface with two imaginary frequencies. This finding
might indicate an asynchronous hydrogen migration.[4] Alter-
natively semiempirical methods within HYPERCHEM are
unable to provide reliable energy barriers for the hydrogen
migration. Asynchronicity for the migration of hydrogens 25
and 26 (see Figure 3) was also indicated by the way the DFT
optimization of the transition states was done. Since all other

Table 1. The total energy of isomer 1 (in au) and isomer energies (in
kcal molÿ1) relative to isomer 1 calculated at DFT, SCF, MP2, PM3, and
AM1 levels of theory.

Basis
set

1 2 3 4 5 6

DFT SV(P)ÿ 1799.081780 5.90 13.66 5.41 13.29 6.39
DFT SVP ÿ 1799.170417 5.39 13.03 4.69 12.68 6.36
SCF SVP ÿ 1787.673624 8.92 16.90 8.52 16.25 1.99
MP2 SVP ÿ 1793.542316 9.06 16.56 7.64 17.29 9.00
UHF PM3[a] ± 7.01 17.72 7.03 17.56 11.36
UHF AM1[a] ± 6.33 17.35 6.06 17.15 9.59

[a] By courtesy of Juho Helaja.[37]

Table 2. The skeleton bond distances of the pyrrole rings[a] (in pm) as
obtained for isomer 1. The bond lengths are reported clockwise for each
ring.

NaÿCa CaÿCb CbÿCb' Cb'ÿCa' Ca'ÿN

Ring 1 137.4 145.2 138.9 143.8 138.3
Ring 2 137.2 147.3 137.5 146.0 137.0
Ring 3 138.4 144.8 139.6 145.0 137.2
Ring 4 135.8 153.8 156.7 154.7 135.6

[a] The pyrrole rings are numbered clockwise starting from the pyrrole ring
with N1.

Table 3. The energy barriers (in kcal molÿ1) of the transition states relative to isomer 1 calculated at DFT, SCF, MP2, and PM3 levels of theory.

Basis set TS1$2 TS1$3 TS1$4 TS1$5 TS2$6 TS3$6 TS4$6 TS5$6

DFT SV(P) 10.0 15.2 9.7 15.5 14.5 16.4 13.9 16.7
DFT SVP 9.3 14.2 8.8 14.8 13.7 15.3 12.9 15.9
SCF SVP 22.9 29.0 22.8 28.6 26.8 30.4 26.2 29.7
MP2 SVP 13.5 20.8 12.1 20.8 20.6 18.7 18.3 21.6
MP2�ZPE SVP 8.5 15.8 7.1 15.8 15.6 13.7 13.3 16.6
UHF PM3 29.0 ± ± 29.5 ± ± ± ±
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degrees of freedom were relaxed except the HÿN distance of
the migrating hydrogen, a synchronous motion of the other
hydrogen would have been noted.

The difference in zero-point energy for unsubstituted cis-
porphyrin relative to trans-porphyrin have previously been
calculated at PM3 level to be ÿ1 kcal molÿ1,[5] while the ZPE
contribution to the activation barrier at PM3 level is
ÿ5 kcal molÿ1.[5] The estimated zero-point energy corrected
activation energies given in Table 3 are obtained by adding a
ZPE contribution of ÿ5 kcal molÿ1 to the MP2 results.

In their calculation on PorHÿ, Vangberg and Ghosh[7] found
an activation barrier of 12.0 kcal molÿ1 which is 4.7 kcal molÿ1

lower than the activation barrier obtained for PorH2.[5]

However, since the PorH2 energies were calculated at MP2
level,[5] while PorHÿwas studied at DFT level[7] the difference,
which is of the same size as obtained for bonellin-dimethyl-
ester, is probably due to the fact that DFT calculations
provide somewhat lower activation barriers than MP2 calcu-
lations. At DFT level polarization functions at the hydrogens
reduce the energy differences between the isomers by 0.0 ±
0.7 kcal molÿ1 and the energy barriers by 0.7 ± 1.1 kcal molÿ1.

B. Structures : The superposition of isomer 1 optimized at
DFT level and at semiempirical UHF PM3 level, respectively,
showed that the ring structures are almost identical whereas
the flexible side chains differ slightly in their orientations. A
notable difference between the semiempirical structures of
the other isomers and those found at the DFT level is that the
NÿN distances differ considerably for all isomers except 1 and
6. For isomers 1 and 6, the superposition of the DFT and
semiempirical structures yields an RMS deviation of the order
0.4 pm, whereas for the other isomers the deviation is about
an order of magnitude larger. Where DFT finds strong
deformation of the porphyrin skeleton, semiempirical meth-
ods largely underestimate this deformation.

The proton migration is strongly coupled to deformation of
the porphyrin skeleton. The deformation can be illustrated by
the NÿN distances. As seen in Table 4, the distances between
the nitrogens depend on the position of the inner hydrogen
atoms. For isomer 1, the distance between N1 and N5 is
294 pm. For isomer 2, it is 270 pm (290 pm semiempirically),
while for the transition state between the two isomers the

RN1N5 distance is only 252 pm. Generally, for cis isomers the
distance between the pyrrole nitrogens, to which the inner
hydrogens are connected, is up to 50 pm longer than the
distance to the two adjacent nitrogens without hydrogens; this
reflects the size of the hydrogens inside the ring. The distance
between the nitrogens without any hydrogens is about as large
as the distance between the nitrogens with the inner hydro-
gens (see Table 4).The porphyrin skeleton remains approx-
imately planar for all the isomers and transition states. A
qualitative look at the semiempirically calculated IR normal
modes indicates that although the lowest frequency modes
may be assigned to motion of atoms in the side chains, low-
frequency modes exist that translate into breathing modes of
the porphyrin skeleton. These modes increase the NÿN
distances and open up the meso angles.

In Table 5, the Ca-Cmeso-Ca bond angles are given. The
values of the angles vary between 1218 and 1338 depending on
the position of the inner hydrogens. This flexibility of the

porphyrin nucleus causes large movements of the ester
groups. Such cooperative movement may not be unimportant
in biosystems. For isomer 4, the distance between the end
carbons of the ester groups (C29 and C30) is only 517 pm, while
for isomer 1 the distance is 769 pm and for the TS1$2 it is
863 pm (see the last column of Table 5). Ghosh and Almlöf[6]

found significant differences for unsubstituted porphyrin in
the Ca-Cmeso-Ca bond angles for cis and trans porphyrin. The
Ca-N-Ca angles have previously been found to be significantly
wider in the N-protonated pyrrole rings[6] and this is often
used for experimental determination of the connectivity of
the inner hydrogens.

For N-protonated pyrrole rings, the Ca-N-Ca bond angles of
the first three pyrrole rings of the isomers are around 1108,
while the angle for the fourth N-protonated pyrrole ring it is
about 1148 (see Table 6). The corresponding values for
nonprotonated pyrrole rings are 1058 ± 1068 and 1098 ± 1118.
For transition states, the Ca-N-Ca bond angles of the partly
protonated pyrrole rings are 1068 ± 1078 and 1108 ± 1118, while
the two remaining Ca-N-Ca angles are not significantly
affected by the hydrogen migration. The fourth pyrrole ring

Table 4. Distance between nitrogen atoms (in pm) for bonellin-dimethyl-
ester isomers and transition states.

RN1N5 RN1N13 RN5N9 RN9N13

1 294.0 301.4 294.9 302.1
2 269.6 321.2 326.7 277.0
3 319.4 269.6 268.3 334.9
4 326.6 276.7 270.0 321.8
5 267.2 334.8 320.2 269.9
6 294.7 299.5 296.4 298.8
TS1$2 252.1 331.2 331.1 271.7
TS1$3 328.2 254.3 263.2 339.8
TS1$4 331.1 271.3 252.3 331.8
TS1$5 262.8 338.9 328.4 254.4
TS2$6 263.7 332.1 333.3 254.0
TS3$6 328.6 265.5 251.7 339.5
TS4$6 333.1 254.0 264.1 332.7
TS5$6 251.4 338.9 328.7 265.7

Table 5. The Ca-Cmeso-Ca bond angles (in degrees) and the distance
between the end carbons of the ester groups (in pm) for bonellin-
dimethylester isomers and transition states.

C2-C3-C4 C6-C7-C8 C10-C11-C12 C14-C15-C16 RC29C30

1 127.3 127.7 129.0 128.7 768.7
2 123.7 132.1 125.2 132.4 838.9
3 131.7 124.0 134.1 123.8 678.9
4 132.0 123.8 132.6 125.0 516.9
5 123.7 131.9 123.9 133.9 852.0
6 127.5 127.8 128.3 128.3 750.7
TS1$2 121.1 132.9 124.2 133.8 863.2
TS1$3 132.8 123.1 135.0 121.5 500.9
TS1$4 132.9 121.1 134.1 124.1 509.5
TS1$5 122.9 133.1 121.5 134.7 869.8
TS2$6 122.9 133.5 121.4 133.9 869.6
TS3$6 133.0 121.3 134.9 123.1 503.0
TS4$6 133.2 122.9 134.1 121.4 496.8
TS5$6 121.3 133.0 123.2 134.7 852.8
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behaves differently, since it has two methyl groups connected
to C24 which actually makes it nonaromatic.

As seen in Table 7, the pyrrole structures optimized at DFT
and MP2 levels are relatively similar for PorH2

[5, 6, 43] and
PorHÿ,[7] and for the DFT structure of bonellin-dimethylester

isomers. Since the structures of the pyrrole units differ slightly,
the average bond lengths of the pyrroles and the maximum
deviation from the average values are given in Table 7. The
fourth pyrrole ring is not considered in the bond-length
averages. Though the deviations from the average values are
up to 3 pm, the averages are remarkable equal for the isomers
and transition states. At SCF level PorH2 possesses a
symmetry-broken structure with alternating bonds,[43, 51±53]

while symmetry-imposed (D2h) SCF calculations result in a
pyrrole structure in which the bond lengths differ by �3 pm
from MP2 values.[5] The isomers with one inner hydrogen
connected to the fourth pyrrole ring have alternating bond
lengths that indicates that the aromatic pathway is, at least
partly, destroyed. The CaÿCmeso distances are given in Table 8.

The NH bond lengths (Table 9) for the trans isomers are 2 ±
3 pm shorter than for the cis isomers or for the nonmigrating
hydrogen of the transition states. The structures of the

transition state can be explained by applying Hammonds
postulate.[54] For example in TS1$2, the migrating hydrogen is
closer to N5 than to N1, that is, the structure of the transition
state is closer to 2 than to 1. This is quite easy to understand by
assuming a simple quadratic model for the potential curve
close to the minimum of the isomers, and noting that 1 is
below 2 in energy. The same rule can be applied to explain the
structure of the transition states between the other isomers.

The complete molecular structures of the isomers and
transition states including internal coordinates can be found
on the internet page, ftp.chem.helsinki.fi/pub/people/sund-
holm/bonellin.

C. Nuclear magnetic shieldings: Nuclear magnetic shieldings
have been calculated at Hartree ± Fock level[55] with SVP basis
sets. The absolute shieldings for the inner and outer hydrogens
are given in Table 10. For comparison, the absolute shieldings
of pyrrole and unsubstituted free-base trans-porphyrin have
been calculated at Hartree ± Fock level with triple-zeta

Table 6. The Ca-N-Ca bond angles (in degrees) for bonellin-dimethylester
isomers and transition states.

C16-N1-C2 C4-N5-C6 C8-N9-C10 C12-N13-C14

1 110.8[a] 105.3 110.8[a] 109.1
2 106.1 110.3[a] 110.4[a] 109.8
3 105.8 106.1 110.2[a] 114.0[a]

4 110.5[a] 110.4[a] 106.0 109.9
5 110.3[a] 106.1 105.8 114.0[a]

6 105.3 110.6[a] 105.2 114.5[a]

TS1$2 107.0 107.1 110.6[a] 109.9
TS1$3 106.4 106.3 110.4[a] 111.3
TS1$4 110.6[a] 107.1 106.9 109.9
TS1$5 110.5[a] 106.2 106.4 111.1
TS2$6 106.3 110.5[a] 106.4 110.8
TS3$6 105.9 107.0 107.2 114.3[a]

TS4$6 106.4 110.6[a] 106.2 111.0
TS5$6 107.4 106.9 105.9 114.2[a]

[a] An inner hydrogen is connected to the nitrogen.

Table 7. Comparison of the pyrrole structure of bonellin-dimethylester with
those of unsubstituted porphyrins (in pm). Only the three aromatic rings are
considered.

Method NÿCa CaÿCb CbÿCb CaÿCmeso

1 DFT/SV(P)[a] 137.1� 1.5 145.4� 1.5 138.7� 1.2 140.6� 0.8
TS1$2 DFT/SV(P)[a] 137.3� 2.4 145.3� 2.2 138.5� 1.1 140.6� 1.0
2 DFT/SV(P)[a] 137.1� 1.7 145.5� 3.0 138.7� 1.3 140.8� 1.1
TS1$4 DFT/SV(P)[a] 137.3� 2.3 145.4� 2.4 138.5� 0.5 140.6� 0.7
4 DFT/SV(P)[a] 137.1� 1.7 145.6� 3.1 138.6� 0.8 140.8� 1.2
trans-PorH2 DFT/DNP[b] 136 142 137 139
cis-PorH2 DFT/DNP[b] 137 143 137 139
trans-PorH2 SCF/DZ(P)[c] 134.6 146.1 134.5 138.9
PorHÿ DFT/TZDP[d] 138 143 137 140
PorH-TS DFT/TZDP[d] 138 144 137 140
trans-PorH2 MP2/SVP[e] 136.8 143.6 137.9 139.9

[a] This work. Average value including maximum deviation. [b] Ref. [6].
[c] Imposed D2h symmetry. No polarization functions on C.[5] [d] Ref. [7].
[e] Ref. [43]

Table 8. Ca
ÿCmeso bond lengths for bonellin-dimethylester isomers (in pm).

RC2C3 RC3C4 RC6C7 RC7C8 RC10C11 RC11C12 RC14C15 RC15C16

1 140.1 141.2 141.4 140.0 141.2 140.0 140.2 141.0
2 140.7 140.9 141.0 140.1 141.1 140.4 140.1 141.9
3 140.2 141.7 141.1 140.5 142.4 138.6 138.3 142.9
4 140.4 140.7 141.1 140.5 142.0 140.1 140.4 141.1
5 140.7 140.9 142.0 140.0 142.9 138.3 138.6 142.3
6 140.2 140.9 141.2 139.9 142.8 138.2 138.2 142.8

Table 9. Distance between NÿH for bonellin-dimethylester isomers and
transition states (in pm).

RN1H25 RN5H25 RN9H25 RN13H25 RN1H26 RN5H26 RN9H26 RN13H26

1 102.9 228.5 322.5 242.9 322.6 228.7 102.9 243.9
2 185.3 105.4 286.3 332.6 318.1 282.9 104.0 199.7
3 182.8 330.8 293.4 106.7 320.5 184.5 105.5 296.9
4 104.1 283.9 317.2 199.2 285.0 105.3 186.2 334.0
5 105.7 183.0 321.5 297.0 293.4 330.0 183.3 106.6
6 229.9 103.2 233.4 331.4 234.3 330.8 233.2 103.8
TS1$2 135.6 128.3 318.9 325.3 322.5 284.4 104.0 194.4
TS1$3 140.8 326.4 319.0 125.8 323.2 178.5 105.7 301.1
TS1$4 104.0 285.5 321.4 193.9 318.0 128.5 135.6 326.5
TS1$5 105.8 178.1 324.7 299.4 319.7 324.5 140.8 125.9
TS2$6 179.8 105.4 289.3 334.5 313.9 328.7 135.2 131.0
TS3$6 316.0 135.6 128.2 329.7 178.3 334.6 295.4 106.9
TS4$6 287.7 105.3 180.7 336.4 135.2 330.2 312.8 131.0
TS5$6 127.9 135.6 317.4 328.0 295.5 332.7 178.8 106.8

Table 10. The absolute nuclear magnetic shieldings for the inner and outer
hydrogens of the six isomers (in ppm).

1 2 3 4 5 6

N1ÿH 34.8 ± ± 32.6 25.5 ±
N5ÿH ± 30.6 ± 30.4 ± 28.0
N9ÿH 34.9 33.2 26.0 ± ± ±
N13ÿH ± ± 26.6 ± 26.6 29.5
C3ÿH 21.8 22.7 23.2 22.2 22.8 23.4
C7ÿH 21.9 22.1 22.8 22.9 23.3 23.4
C11ÿH 23.2 23.4 24.4 23.3 24.4 24.6
C15ÿH 23.4 23.6 24.4 23.6 24.6 24.7
C18ÿH 22.4 22.9 23.2 22.5 23.3 23.4
C20ÿH 23.0 22.8 23.5 23.3 24.0 23.9
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valence-quality basis sets augmented with polarization func-
tions (TZVP).[48] The absolute shielding for the inner hydro-
gens of trans porphyrin is 39.7 ppm. For the outer hydrogens
the obtained shieldings are about 21 ± 22 ppm. The correlation
contribution to the shieldings of the inner hydrogens obtained
at MP2 level [56, 57] with the SV(P) basis sets is ÿ2.6 ppm,
yielding an extrapolated MP2 value of 37.1 ppm for the inner
hydrogens of trans porphyrin. The large value for the
shielding of the inner hydrogens is due to the induced ring
current in the aromatic pathway. The shieldings of the outer
hydrogens are significantly smaller, since they lie outside the
conducting ring system. For pyrrole, the absolute shielding of
the NH hydrogen calculated at Hartree ± Fock level is
24.5 ppm, while at MP2 level the obtained shielding is
24.0 ppm. In the shielding calculations on pyrrole the TZVP
basis sets were employed.

Possibly the nuclear independent chemical shifts
(NICS)[58, 59] correlate with ring aromaticity, but the obtained
NICS values for unsubstituted trans porphyrin do not prove
that the NH units are integral parts of the aromatic pathway as
recently suggested by CyranÄ ski et al.[60] The observation that
the pyrrole rings with the inner hydrogens have larger NICS
values than the two remaining ones may be due to the fact that
three of their bonds belong to the aromatic pathway, while
only two bonds of the two other pyrrole rings incorporate this
path. Since the fourth pyrrole ring of bonellin-dimethylester is
nonaromatic, the position of the inner hydrogen significantly
affects the aromatic pathway of the porphyrin nucleus. At the
fourth pyrrole ring, the aromatic pathway is forced to take the
inner route regardless of the position of the inner hydrogens.
The lowest isomer (1) and isomers 2 and 4 have no hydrogen
connected to the nitrogen of the fourth pyrrole ring. As seen
in Table 10, for isomers 1, 2 and 4, the shieldings of the inner
hydrogens are larger than 30 ppm indicating the existence of
an aromatic pathway around the porphyrin nucleus analogous
to that of unsubstituted free-base trans porphyrin. For isomers
3 and 5, which are cis isomers with one inner hydrogen
connected to the fourth pyrrole ring (N13), the shieldings of
the inner hydrogens are about 25 ± 26 ppm indicating the
absence of an aromatic pathway around the porphyrin
nucleus. Hydrogen shieldings of 25 ± 26 ppm are typical for
unsaturated, nonaromatic hydrocarbons. For all isomers with
an inner hydrogen connected to the fourth pyrrole ring, the
CaÿCmeso bonds on both sides of the fourth pyrrole ring
alternate (see Table 8), showing that the aromatic resonance
is weaker or even absent. For isomers with an inner hydrogen
connected to N13, the shieldings of the outer hydrogens are
always larger than for the other isomers indicating a weaker
aromaticity for these isomers. Note that isomers 3 and 5 are
the energetically highest isomers. Finally, isomer 6 has the
inner hydrogens in trans position and one of them is
connected to N13. Their shieldings are 28.0 and 29.5 ppm,
respectively, which must be considered to be outside the
aromatic range.

Judging from these observations we conclude that the
preferred aromatic pathway does not include the NH bridge
as recently suggested by CyranÄ ski et al;[60] instead a classical
[18]annulene structure is formed, with the NH groups as
relatively inert bridging units. The carbon and nitrogen

shieldings did not provide any easily interpretable informa-
tion about the aromatic pathways.

Conclusions

* The molecular structures for six bonellin-dimethylester
isomers and the transition states of the inner-hydrogen
migration have been optimized at DFT level with SV(P)-
quality basis sets.

* Accurate values for the energies of the isomers and
transition states have been calculated at MP2 level with
the DFT structures and SVP-quality basis sets.

* The lowest isomer (isomer 1) has the inner hydrogens
connected in the trans position to N1 and N9.

* A hydrogen at N13 destroys the aromatic p-electron
pathway resulting in high-energy isomers and transition
states.

* The second isomer with the inner hydrogen in the trans
position (isomer 6) is 9 kcal molÿ1 above isomer 1, since the
two methyl groups connected to C24 prevent the aromatic
pathway from taking take the outer route at the fourth
pyrrole ring.

* Isomers 3 and 5 lie high in energy since they both are cis
isomers with a hydrogen connected to N13.

* The transition states TS1$3 , TS1$5, TS2$6 , TS3$6, TS4$6 ,
and TS5$6 lie significantly higher in energy than TS1$2 and
TS1$4, since they all have a hydrogen connected to N13.

* The hydrogen migration is found to involve a significant
deformation of the porphyrin skeleton mainly through a
change in the bond angle at Cmeso.

* The distance between the ester groups of the side chains
depends strongly on the positions of the inner hydrogens.

* The porphyrin skeleton remains approximatively planar
for all isomers and transition states.

* The present calculations of nuclear magnetic shielding
constants do not support the recent notion that the inner
NH groups are integral parts of the aromatic pathway in
porphyrins.[60] It therefore seems as if the traditional
[18]annulene picture of the porphyrin nucleus still holds.
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