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The nuclear magnetic resonance (NMR) parameters in porphyrin and porphycene have been calculated to
investigate their changes during the process of proton exchange, using density-functional theory (DFT) for
both the spir-spin coupling constants and the shielding constants. In addition, in calculations on the smaller
1,3-bis(arylimino)isoindoline molecule, we have tested the performance of our computational approach against
experimental data. The calculated nuclear sgipin coupling constants and shielding constants have been
analyzed as functions of the progress of the proton transfer between two nitrogen atoms. The one-bond couplings
between proton and nitrogen, dominated by the Fermi-contact term, decay steeply as the internuclear distance
increases. The small changes in the intramolecllgr coupling between two inner protons are mainly
determined by the sum of relatively large spiorbit terms. The isotropic shielding constant shows a strong
deshielding of the nitrogen nuclei as the proton migrates away. Both the isotropic shielding of the exchanged
protons and the shielding anisotropy exhibit a minimum close to the transition states.

I. Introduction the interpretation and prediction of experimental NMR spectra
for fairly large systems, such as those investigated in the present
Nuclear magnetic resonance (NMR) spectroscopy is a power-work.
ful tool for the investigation of molecular structure, in particular, In this work, we study the free-base porphyrin and the
for the study of hydrogen bondirig? NMR shielding constants gy cturally related porphycene molecule. Porphyrin and related
(or chemical shifts) have _for a long time been used as sensitive compounds are found in nearly all living organisms, playing a
probes of molecular environment, and thé NMR shielding fundamental role in many biological processes such as oxygen
constant is a well-established parameter of hydrogen-bond ghsorption and transport (hemoglobin), oxygen activation (cy-
strength and an indicator of proton transfekkN shielding tochromec), and the initial photochemical step in photosynthesis
constants are also frequently used for this purgdSé: (chlorophyll). Porphyrins are among the best ligands in terms
Recently, NMR techniques have been refined to the extent that of thermodynamic stability and kinetic nonlability, having the
spin—spin coupling constants can be used as parameters ofperfect size to bind nearly all metal ions. Because of their unique
hydrogen bond&~" The small hydrogen-bond-transmitted physical, chemical, and biological properties, porphyrin and

coupling constants are particularly promising in this respeet.  porphyrin-like molecules are among the most widely studied
The development of experimental NMR is accompanied by macrocyclic systems.

advances in theoretical methods and computational power,
allowing the ab initio wave function or density-functional
calculation of NMR shielding constants and spspin coupling

The proton tautomerism of heterocyclic compounds, in
particular, of the porphyrins, is a topic of continuing interest
> | i because of its intimate relation to many molecular properties
constants (much more demand!ng comput_athﬂaHY) In large and, consequently, to processes such as photosynthesis and
systems of chemical intere$$t.>! This progress in computational o141 coordination reactions. The general interest in free-base
techniques has made possible the use of ab initio methods forporphyrins and in the mechanism of proton transfer has also
been raised by the dispute about the role of short, strong
* Corresponding author. E-mail: mpecul@chem.uw.edu.pl. hydrogen bonds in enzymatic cataly¥s?® Several experi-
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our choice of basis set represents a compromise between the

:j \N / desired accuracy and the available computational resources.
NeH’ Fortunately, since NMR shielding and spispin coupling
N constants are local properties, it is possible to use locally dense
N—® \ basis sets, which describe accurately only the region of a
o\ molecule that is important for a given set of parameters. We
Figure 1. Structure of 1,3-bis(arylimino)isoindoline (2ABAI). therefore used a basis consisting of Huz-llsu2 functions

(obtained from the Huz-ll basis $Btby decontracting the
mental studies have used NMR to investigate proton transfer functions and adding two tight functions') on the nitrogens
in free-base porphyrid and free-base porphyceffeHowever, and migrating protons of porphyrin and porphycene and
apart from some calculations of shieldings on one free-base 6-31G** functions on the remaining atoms. Test calculations
porphyrin structur@®%our study is the first that uses electronic- with Huz-llsu2 functions on all atoms confirmed that this basis
structure theory to examine the changes in the-sppin and set is sufficiently flexible for our purposes; the NMR properties
shielding constants induced by intramolecular proton transfer of the nitrogens and inner protons calculated with the locally
in free-base porphyrin and porphycene_ For bi0|ogica| systems dense and full basis sets are reasonably close to each other.
that are active in aqueous environments, one should alsoThe NMR calculations on the smaller 2ABAI molecule were
consider the interplay of intramolecular proton transfer and carried out in the full Huz-llsu2 basis.
intermolecular proton exchange, but this is less important for
free-base molecules and we restrict ourselves here to intra-lll. Results and Discussion
molecular processes.

We are not aware of any experimental measurements of the,vI
spin—spin coupling constants of central nitrogen atoms and free-
base protons in porphyrin or porphycene, but some experimental
results are available for the shielding const&ft8? Measure-
ments of the spirrspin couplings of interest are difficult because

A. Molecular Geometries.1. 1,3-Bis(arylimino)isoindoline
olecule.The optimized 1,3-bis(arylimino)isoindoline structure

is planar; see Figure 1. The calculated bond lengths agree
reasonably well with the X-ray data in ref 33, with the only
exception being the optimized N°H1 distance 1.0173 A, which

AN >~ is significantly longer than the experimental value 0.92(2) A.
of the fast proton exchange (especially in porphycene), requining gjnce the X-ray data were obtained for the solid state, this

drastically lowered temperatures to separate the signals. Sincedisrepancy may in part arise from intermolecular interactions
a comparison with experiment helps to ascertain the reliability and from experimental errors (note the large error bar)

of the calculations, we have here also analyzed the NMR 2. Porphyrin and Porphycene Moleculds. the course. of
spectrum of a smaller molecule where a proton may be migrating the Qeometry optimization, we found two plaﬁar energy minima

I(o;rw;liifigor;ligg%?jgl?rggr?zeog tgie SIST?UEélrn?hsi:snr?]r;ilgt’“]éysé?(l_s- of porphyrin (trans and cis, see Figure 2) and two planar minima
er);mental NMR spectra inclgdin mlan SBISDIN COU Iin’ of porphycene (trans and cisl, see Figure 3). The agreement
Eonstants have b(laoen co,llecte d bg S cﬁil)f/ Pisp ping between the optimized and crystallographic structures is satis-
' y ) factory for both porphyrif? and porphycené As for 2ABAI,

The structgre of this paper is as fqllows: First, we descrlpe the largest difference is observed for the nitrogamer-proton
the computational methods used in this study. In the next Section, jictance

the results of the calculations are discussed, beginning with the The trans structure of porphyrin (the global minimum) lies
spin-spin coupling constants and NMR shielding constants of 34.3 kd/mol below the cis structure, which is a local minimum
porphyrin, porphycene, and 1,3-bis(arylimino)isoindoline in their Fo.r porphycene, the energy differénce between the local ciél
global minimum form and procet_ading to the effects of the single minimum and tﬁe global trans minimum is only 9.3 kJ/mol,
Ii?ndalI?/O\I/Jvt()alegi\f)erc;[%rr]ieﬁ‘rzgrs:(rar:;r;r;n%oégg:Zoﬁgli d?r?gregyncaernk(sa. while the cis2 structure is a saddle point, 138.4 kJ/mol higher
’ " than the global minimum. These results agree with previous

findings on the tautomers of porphyrin and porphyc&né®
Several processes involve the transfer of a single proton from
The structures of porphyrin, porphycene, and 1,3-bis(arylimi- the trans to cis structures. In each case (i.e., for the trans-to-cis
no)isoindoline (2ABAI in the notation of ref 33) were optimized pathway in porphyrin and for the trans-to-cis1 and trans-to-
by means of density-functional theory (DFT), using the Becke  cis2 pathways in porphycene), we localized the transition state.
three-parameterLee—Yang—Parr (B3LYP) hybrid function&t In addition, two pathways involving the simultaneous transfer
as implemented in the Gaussian 98 progfain. these calcula- of two protons were examinetspecifically, the path connecting
tions, we used the 6-31G** basis set. In the studies of the proton two equivalent trans structures and that connecting two equiva-
transfer, the geometry was reoptimized with the distances lent cis (cis1) structures. In both molecules, the trans-to-trans
between the migrating protons and associated nitrogen atomsand cis-to-cis (cis1-to-cisl) pathways intersect at a second-
kept fixed at a given value. order saddle point (SS in Figures 2 and 3), with two imaginary
The calculations of the indirect nuclear spispin coupling vibrational frequencies corresponding to trans-to-trand cis-
constants and the NMR shielding constants were carried outto-cis (cisl-to-cisl) transitions, respectively.
using DFT with the B3LYP functiona as implemented in a The trans-to-trarisnterconversion can also occur as a two-
development version of the DALTON prograthsee ref 37 step concerted asynchronous mechanism, via the cis structure,
for the implementation of spinspin constants and ref 38 for  with only one proton migrating in each step, in agreement with
the implementation of shielding constants. For the evaluation the potential energy surface of porphyrin discussed by Baker
of shielding constants, London orbitals were used to ensure et al#6 Similarly, the cis-to-cis(cis1-to-cis1) tautomeric change
gauge-origin independenég. can occur as a two-step concerted asynchronous mechanism,
The 6-31G** basis set, which was used for the geometry via the trans structure. In porphycene, there is also the possibility
optimizations, is not suitable for the calculation of NMR of the trans-to-trarisproton transfer via the cis2 structure.
properties. Still, since porphyrins are relatively large molecules, However, since cis2 is a saddle point of high energy, this

II. Computational Details
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Figure 2. Proton-exchange pathways for the porphyrin molecule. The global energy minimum corresponds to the trans structure, and the second-
order saddle point (SS) in the middle is common for the trans-to‘teans cis-to-cispathways.

pathway is energetically unfavorable (albeit accessible at room exchange pathway in porphycene, trans-to-cis2 (part of the high-
temperature). energy trans-to-trahpathway), exhibits the highest barrier for
In Figure 4, we have, for each proton-transfer pathway, the proton to overcome: 183.4 kJ/mol (forward) and 45.0 kJ/
plotted the energy as a function of the distance from the mol (backward). The experimental values of the effective proton-
migrating proton to the originating nitrogen atom. In porphyrin, transfer barrier from>N solid-state NMR data are 51.4 and
the trans-to-cis barrier is 63.9 kJ/mol (forward) and 29.7 kJ/ 31.8 kd/mol, respectively, for porphyrin and porphycéh@ur
mol (backward); in porphycene, the corresponding trans-to-cis1 results for porphyrin therefore appear to be too high, whereas
barrier is much smaller: 17.2 kJ/mol (forward) and 7.8 kJ/mol the values for porphycene are somewhat too low. Finally, we
(backward). note that, in a more detailed analysis of the relative energy
Since the trans-to-trahand cis-to-cis(cis1-to-cis) pathways differences discussed here, one should also take into account
pass through the same saddle point, their relative barrier heightsmolecular vibrations.
depend only on the energies of the trans and cis (cisl) structures. B. NMR Parameters for 1,3-Bis(arylimino)isoindoline.The
In porphyrin, the trans-to-trahbarrier of 94.2 kJ/mol is higher  spin—spin coupling constants and NMR shielding constants for
than the trans-to-cis barrier of 63.9 kJ/mol, while the cis-t6-cis 2ABAI are collected in Table 1, where comparisons are made
barrier of 60.0 kJ/mol is higher than the cis-to-trans barrier of with experimental dat& The shielding constants of the inner-
29.7 kJ/mol. Likewise, in porphycene, the trans-to-tréasrier ring nitrogen nuclei differ considerably from each other.
of 25.6 kJ/mol is higher than the trans-to-cis1 barrier of 17.2 Whereas the nitrogen nucleus N1 bound to the hydrogen nucleus
kJ/mol, while the cis1-to-cisDbarrier of 16.3 kJ/mol is higher  H1 is shielded (positive shielding constant), the N2 and N3
than the cisl-to-trandarrier of 7.8 kJ/mol. The fourth proton-  nuclei are deshielded. These results are in good agreement with
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Figure 3. Proton-exchange pathways for the porphycene molecule. The global energy minimum corresponds to the trans structure, and the second-
order saddle point (SS) in the middle is common for the trans-to‘tears cis-to-cispathways.

experiment-when shifted by—135.0 ppm (the reference is 1Jyiy1 of —109.23 Hz is also in good agreement with the
liquid nitromethane), the experimental values differ systemati- experimental value 98.5 Hz (the sign is not determined in
cally by only about 20 ppm from the theoretical values. In part, experiment, and we discuss the coupling constant®ifit)c The
this difference can be attributed to an uncertainty in the shielding relatively large value (2.43 Hz) of thlysni coupling, transmitted
constant of the reference. The calculated coupling constantthrough the internal hydrogen bond in 2ABAI, indicates that
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Figure 4. Dependence of the energy of porphyrin (left, in kd/mol) and porphycene (right, in kJ/mol) on the distance between the migrating proton
and parent nitrogen atom (in A). For the cis2-to-trans pathway in porphycene, the scale is given on the right.

TABLE 1: Spin —Spin Coupling Constants (Hz) and
Shielding Constants (ppm) for the
1,3-Bis(arylimino)isoindoline Molecule

TABLE 2: Spin —Spin Coupling Constants (Hz), Shielding
Constants (ppm), and Chemical Shifts for the Global Energy
Minima (trans Structures) of Porphyrin and Porphycene

value
parameter calcd exptl
INtH1 —109.23 98.5
InaH1 —0.08
JnaH1 2.43
oﬁ‘i 18.59
aniso —22.15
o 84.47 (-219.5) —239.0
o™ 132.45
gi,jg —11.52 (-123.5) —146.2
g‘,jg —70.46 (-64.5) —88.4
aniso 498.95

N3
a Experimental values taken from ref 33Sign not measured.For
comparison with experiment, chemical shifts obtained assumit&p.0
ppm as the shielding of the reference (nitromethane).

parameter porphyrin porphycene
N 138 118
NN 1.70 3.28
JnzH1 —0.12 —0.06
InaHL 1.70 0.15
Inar —108.47 —97.52
calcd exptl calcd exptl
=0 38.06 (-7.23) -3.9° 31.10(0.2® 3.15
miso 32.90 23.89
onnong  —11.36(228.39 218 0.94
o0 ganiso 424,87 361.80
aﬁg, OjNSZ 100.30 (116.79 107 83.95
0&';50, Oﬁ‘TSO 182.39 187.62

a For comparison with experiment, chemical shifts obtained assuming
30.83 ppm as the shielding of the reference (TMS) #drand 217
ppm as the shielding of the reference (M) for 15N. ® Experimental

this coupling may be measurable (provided the proton exchangevalues taken from ref 29.Experimental values taken from ref 32.

is hindered), in contrast to thl,n1 coupling, which seems too
small.

The similarity of the nitrogerrhydrogen system in Figure 1
with the cavity of porphyrin and porphycene suggests that
2ABAI constitutes a useful test molecule for the calculation of
NMR parameters of porphyrin and porphycene. Therefore, we
take the good performance of the B3LYP/Huz-lIsu2 method
on 2ABAI as an indication that this level of theory is appropriate
for the study of NMR parameters in porphyrin and porphycene.

C. Indirect Nuclear Spin—Spin Coupling Constants of
Porphyrin and Porphycene.1. Spin-Spin Coupling Constants
at the Equilibrium Geometriesn our discussion, we shall
concentrate on two of the most interesting types of sgpin
coupling constants in porphyrin and porphycene, that is, the

d Experimental values taken from ref 31.

the diamagnetic spinorbit (DSO), paramagnetic spirorbit
(PSO), and spin-dipole (SD) terms do not exceet00 Hz.

In porphyrin, the coupling constants of the hydrogen nucleus
H1 with two neighboring nitrogen nuclei (N1 and N3) are equal
by symmetry and, like the covalently transmitted coupling
Lnan1, they are dominated by the FC term. The small, negative
Jnzni constant is dominated by the spiarbit interactions. In
this respect, it resembles long-range through-space couplings
more than hydrogen-bond-transmitted couplings, in agreement
with the arrangement of the coupled nuclei in the trans structure
of porphyrin. Since the sum of the spiorbit terms decays
much slower with the internuclear distance than does the FC
term (i.e., asR~2 rather than exponentially), the dominance of

Jnn coupling constants between an inner proton and one of thethe spin-orbit terms at long distances is not surprisffighn

four nitrogen nuclei and theyy through-space spinspin

interesting feature of the nitrogeiproton couplings is the sign

coupling constants between the two inner protons. For the globalchanges, which are determined by the FC terdam: is
minimum trans structures, these coupling constants are listednegative Jyi: is positive, andinzny is negative again. We shall

in Table 2.

The covalently transmitted spirspin coupling constantsyy
have similar values in porphyrin and porphycend08.47 and
—97.52 Hz, respectively. Like most one-bond nitrog@mnoton
couplings?” they are dominated by the Fermi-contact (FC) term;

return to this point later, when we discuss the changes in the
coupling constants upon proton transfer.

In porphycene, the coupling constants of H1 with the two
neighboring nitrogen nuclei (N1 and N3) are different. Thg
coupling constant is quite large (3.28 Hz), and it is dominated
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by the FC term. The much smalleksni coupling is also
dominated by the FC term, since the two large smirbit terms
nearly cancel. As in porphyrinJyzni is very small and

decreases, changes sign, reaches a minimum at the transition
state, and eventually decreases toward zero.

Finally, the J&, coupling constant is small and varies little
dominated by the spirorbit terms, with the FC and SD terms  as the proton is transferred; see Figure 5(d)i and ii. Two
being negligible. significant changes id{?, are observed in porphyrin, for the

The Jun spin—spin coupling constants between the inner trans-to-tran'sand cis-to-trans pathways. For the former, near
protons are positive, which means that the reduced values ofthe trans geometry, the coupling between the migrating proton
these constants and of the hydrogen-bond-transmified and the nitrogen at the other proton is quite large and a
coupling constants (such dsi+ discussed above) have opposite maximum appears for the shortest distance between two inner
signs. In most of the porphyrin and porphycene structures, the protons, close to the transition state. The second largest change
FC and SD terms are very small (less than 0.06 Hz) and the;, J(hgiz' is observed for the cis-to-trans porphyrin pathway: the

main contribution to these protefproton coupling constants
comes from the relatively large spitorbit terms. In porphyrin,
the DSO and PSO contributions are about 6 ansl Hz,
respectively; in porphycene, they are 5 ardl Hz, respectively.
The sum of all four terms gives totdhy spin—spin coupling
constants in the range Q.5 Hz. The relative magnitudes of
the contributions to thelyy couplings in porphyrin and
porphycene therefore resemble those of the couplings betwee
the protons forming adjacent hydrogen bonds in formafide
and formic acifl dimers.

2. Variation of the §4 Spin—Spin Coupling Constants with
Proton Migration. There are four types oflyy spin—spin

coupling first decreases (i.e., increases in absolute value), reaches
a minimum, and, for larger NH distances, monotonically
increases to 1.70 Hz as the hydrogen bond is formed. An
unexpected effect is observed fdfj’ﬂ| in the cis2-to-trans
porphycene pathway: it first oscillates close to zero, next
increases steeply to 4.23 Hz, and finally decreases to the value
characteristic of the trans structure, as the hydrogen bond is

Yormed.

3. Variation of the 3y Spin—Spin Coupling Constants with
Proton Migration. The Jyy coupling constant in Figure 6
changes little upon proton transfer, in particular, for porphycene
(except for the cis2-to-trans pathway as noted below). Indeed,

coupling constants in each molecule (for numbering, see Figuressome of the changes are within the range of possible numerical

2 and 3):
(1) The ij‘ﬂ' coupling constants between the migrating

artifacts. While Juu depends nonmonotonically on the NH
separation, it decreases monotonically with increasing i

proton and the nitrogen atom that the proton migrates away from separation, as is particularly noticeable for the trans-to-trans

(e.g.,Inim1 for the cis-to-trans pathway).
(2) The J¥, coupling constants between the migrating

porphyrin pathway. In porphycendyy is almost independent
of the NH separation except for the cis2-to-trans transfer, where

proton and the nitrogen atom that the proton migrates toward the dependence is much more pronounced: close to the cis2

(e.g.,Inan for the cis-to-trans pathway).
(3) The Jﬁ,ﬂ coupling constants between the migrating

proton and the nitrogen atom adjacent to the one that the proton
migrates away from, in some cases bound to the second inner

proton (e.g.Jnzn1 for the cis-to-trans pathway).

(4) The Jﬁ’,ﬁ coupling constants between the migrating
proton and the nitrogen atom that is the furthest away from the
migrating proton (e.g.Jnswa for the cis-to-trans pathway).

The behavior of thel, coupling constants is depicted in
Figure 5(a)i for porphyrin and in Figure 5(a)ii for porphycene.
First, as the migrating proton deparﬂﬁ)4 decreases abruptly
in magnitude from about 100 to—40 Hz at the transition states
and to zero at 1.551.65 A (faster for porphycene than for
porphyrin). At larger distances]?, becomes positive, goes

structure,Juy reaches 4.0 Hz; for larger-H -H distances, it
decreases to 1-21.3 Hz. The reason for this behavior is the
short H - -H separation of 1.55 A of the cis2 structure, which
enables the separation-sensitive FC term to become large.
Except in the cis2-to-trans transfer, thgy changes are in
all cases determined by the spiarbit terms, which are much
larger than the FC and SD terms. It is interesting to note that,
for Jyn in porphyrin, the FC term is larger than the SD term;
conversely, in porphycene, the SD term outweighs the FC term.
D. NMR Shielding Constants of Porphyrin and Por-
phycene. 1. NMR Shielding Constants at the Equilibrium
Geometries.Table 2 lists the NMR shielding constants for
porphyrin and porphycene at the equilibrium structure. We
concentrate here on the shielding constants of the inner nuclei:
the four nitrogen nuclei and the inner protons. For the nitrogens,

through a flat maximum, and then decreases again toward zerowe use the same notation as that in section 111.C.2.
The distance dependence is dictated by the FC term, which For symmetry reasons, the H1 and H2 protons, the N1 and

dramatically dominates the coupling constant.

As expected, the distance dependencd}fin Figure 5(b)i
and ii is the mirror image of thd®, dependence. As the two
nuclei approach,]ﬁ’ﬂ| increases (in absolute value). It is posi-
tive at the initial geometry but decays to zero as the proton is
transferred and then changes sign and quickly increases to th
large values typical for covalent bonding. Likk),, the J®),
coupling is dominated by the FC term.

The changes in thd?, coupling constant (Figure 5(c)i and
i) are small. An exception is the significant increase (up to
1.70 Hz) in the coupling constant for the trans-to-ttans

porphyrin pathway as the proton is transferred, related to the

simultaneous migration of two protons (H1 from N4 and H2
from N2) and the final formation of an internal hydrogen bond
between H1 and N1. The other irregularity appears for the cis2-
to-trans porphycene pathwayﬁj,)4 first increases slightly, then

N3 nitrogens, and the N2 and N4 nitrogens are equivalent at
the trans structures. However, there is a large difference (in
particular, for porphyrin) between the shielding constants of N1
and N3 (not bound to protons) and of N2 and N4 (bound to
protons): the former atoms are deshielded, while the latter are
shielded. For porphyrin, the calculated intrinsic chemical shift

Gifference between the protonated and deprotonated nitrogen

atoms (112 ppm) agrees well with the experimental value (108
ppm) from ref 31. For porphycene, the agreement is poorer:
the calculated difference is 83 ppm, while the experimental one
is given as 52 or 46 ppm, depending on the transfer mechanism
assumed in analysis of the experimental spe€tra.

The shielding constants for porphycene have been computed
in ref 30. For the nitrogen atoms, the values of 13 and 104
ppm yield an intrinsic chemical shift of 91 ppm, which is similar
to our result of 83 ppm. There is also a large difference between
the shielding anisotropies of the protonated and deprotonated
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Figure 5. Dependence alyy coupling constants (in Hz) on the distance between the migrating proton and the parent nitrogen atom (in A). (a) The
spin—spin coupling constants between the migrating proton and the nitrogen atom that the proton migrates away from: (i) porphyrin (left); (ii)
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Figure 7. Variation of the isotropié®N shielding constants (top) and shielding anisotropy (bottom), in ppm, with the distance between the migrating
proton and the parent nitrogen atom (in A) in porphyrin (left) and porphycene (right).

nitrogen atoms. Similar results have been obtained at the GIAO-
SCF level in ref 29.

computed shieldings to chemical shifts.

2. Changes in the Nitrogen Shielding Constants upon Proton
Migration. The changes in the nitrogen shielding constants
Comparing the inner protons in porphyrin and porphycene, plotted in Figure 7 follow the same pattern for all (single and
we find that the porphyrin proton is noticeably more shielded double) exchange mechanisms. They are substantial and mono-
in the trans structure. The difference between the calculatedtonic: while the parent nitrogens become deshielded upon
shielding constants in the two molecules is in good agreementmigration, the terminal nitrogens become shielded. All changes
with experiment, suggesting that again the discrepancies betweerare in the 86-100 ppm range, depending on the pathway and
theory and experiment may be largely due to the conversion of the molecule. For the single proton transfers cis-to-trans, cis1-
to-trans, and cis2-to-trans in porphycene, the shielding constants
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Figure 8. Variation of the isotropiéH shielding constants (top) and shielding anisotropy (bottom), in ppm, with the distance between the migrating
proton and the parent nitrogen atom (in A) in porphyrin (left) and porphycene (right).

of the two spectator nitrogens (not shown in Figure 7) vary negligible, spanning, for example, 3 ppm for the cis-to-trans
only slightly, smoothly changing their values in the course of porphyrin pathway.
the migration. The changes in the anisotropy of the shielding constants of

The changes in the anisotropy shieldings of the nitrogen nuclei the migrating proton follow the changes in isotropitl
between which the proton migrates are similar to those in the shieldings. They are of the same order of magnitude and have
isotropic shieldings, keeping in mind that the anisotropic values the same direction for the whole range of the:NH distances
are twice as large as the isotropic ones. The changes arepnder study. This similarity of the variation of the anisotropy
however, always opposite in the sense that the anisotropyof the shielding constants of the migrating proton and the
increases when the isotropic shielding decreases, and vice versazariation of the isotropic shielding originates from the fact that
This difference arises from the different behavior of the the changes of the component perpendicular to the molecular
perpendicular and in-plane shielding components. Whereas theplane and the parallel components are always in the same
former becomes more positive when the nitrogen atom loses direction, and those of the perpendicular component span a wider
the proton, the latter become more negative. The changes offange.
the in-plane shielding components are much larger than those
of the perpendicular component, and consequently, the isotropiclV. Summary and Conclusions
average mirrors their behavior.

3. Changes in the Hydrogen Shielding Constants upon Proton
Migration. The changes in the shielding of the migrating proton
are essentially the same for both molecules and all the pathways
e e B ober meyalon, tne proln st becomes moecue wih an emal proon between a st of nirogen
. . e ' e atoms: 1,3-bis(arylimino)isoindoline. The good agreement of
Ing occurring at th? transition state. The variation of the the shielding and spiaspin coupling constants calculated for
shielding is substantial, 613 ppm, spanning almost the whole s compound, which resembles porphyrin and porphycene in
range of the'H NMR shielding scale. that is has a system of-\H- - -N internal hydrogen bonds, with

Although the shielding of the stationary proton in the cis- experimental values suggests that the predictions obtained with
to-trans porphyrin pathway and in the cisl-to-trans and cis2- our DFT approach are reliable. The results for porphyrin and
to-trans porphycene pathways (not shown in Figure 8) varies porphycene, for which the experimental data set is limited, can
much less than that of the migrating proton, its changes are notbe summarized as follows.

The NMR spin-spin and shielding constants were calculated
for porphyrin and porphycene, and their changes during single
and double internal proton transfers were investigated. Ad-
ditionally, the NMR parameters were calculated for a smaller
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With respect to the potential energy surfaces of porphyrin (2) Frey, P. A;; Whitt, S. A.; Tobin, J. BSciencel994 264, 1927.
and porphycene, our calculations confirm previous findings. We 115(%)836205wam, B.; Gaffney, B. L.; Jones, R. A.Am. Chem. 504993
found tWO en_ergy minima, c_orrespondlng_ to trans and cis (4) Benedict, H.; Shenderovich, I. G.; Malkina, O. L.; Malkin, V. G.;
geometries, with the energy differences being 34.3 kJ/mol for penisov, G. S.: Golubev, N. S.: Limbach, H.-Bl. Am. Chem. So@00Q
porphyrin and 9.3 kJ/mol for porphycene. The third tautomer 122 1979.

of porphycene, denoted cis2, is a transition state. We have % Eg‘éﬂ'f MLL§§§§§§2§EI 3] g;;fﬁ#ﬁggnéh?x%%%%%i gi’gg-
considered seven proton-exchange pathways: we examined the 7) Pecul:M_;’Lewandowsk’L JY.;SadIejChem. Phys. Le®001 33‘3 139.

cis-to-trans, trans-to-trahsand cis-to-cis pathways of both (8) Pecul, M.; Sadlej, J.; LeszczynskiJJChem. Phy2001, 115 5498.

molecules; in addition, we analyzed the cis2-to-trans pathway  (9) Pecul, M.; Sadlej, J. I'€omputational Chemistry: Reews of

of porphycene. The barrier is highest for the cis2-to-trans Current TrendsLeszczynski, J., Ed.; World Scientific: Singapore, 2003;

porphycene pathway and lowest for the cis-td-pisrphycene g&fépﬁﬁ gg&;l}gg C(ﬁ‘gs't';ﬂg)cla'w'a“ons of the intermolecular nuclear

pathway. (10) Karger, N.; Amorin da Costa, A. M.; Ribeiro-Claro, P. J. A.
For each pathway, calculations of the spapin and shielding Phys. Chem. A999 103 8672.

constants were carried out. As expected, the couplings most37(é%7ce”°”'v G.; Biali, S. E.; Rappoport, Zetrahedron Lett1996

st(ong!y affected b,y the transfer are the ,COUpl,mgs of the . ’(12) .J'uranic, N.; llich, P. K.; Macura, 8. Am. Chem. So0d 995 117,

migrating proton with the parent and terminal nitrogen nuclei. 405,

As the proton migrates and the distance to the parent nitrogen (13) Cordier, F.; Grzesiek, 9. Am. Chem. Sod.999 121, 1601.

increasesJyy rapidly goes to zero, then increases to a positive __(14) Cornilescu, G.; Hu, J.-S.; Bax, A. Am. Chem. Sod999 121,

valug, and finally goes.to zero again. While 'th'is coup]ing is (15) Cordier, F.: Rogowski, M.: Grzesiek, S.: Bax, &.Magn. Resan
dominated by the FC interaction, the spiorbit interaction 1999 140, 510.

contributes significantly to the couplings to the remaining two  (16) Dingley, A. J.; Grzesiek, Sl. Am. Chem. S0d.998 120, 8293.
spectator nitrogens. These couplings are weak but exhibit . (17) Dingley, A. J.; Masse, J. E.; Peterson, R. D.; Barfield, M.; Feigon,

. . . J.; Grzesiek, SJ. Am. Chem. S0d.999 121, 6019.
relatively large changes upon proton migration. Although the (18) Helgaker, T.. JasZski, M.; Ruud, K.Chem. Re. 1999 99, 293.

Jnn coupling constants change little upon migration, they exhibit  (19) vaara, J.; Jokisaari, J.; Wasylishen, R. E.; Bryce, Trbg. Nucl.
a shallow maximum close to the transition state, making them Magn. Reson. Spectros2002 41, 233 _
interesting as prospective structural parameters. Like the long- (20) Contreras, R. H.; Barone, V.; Facelli, J. C.; Peralta, Arf. Rep.

. . . : . NMR Spectrosc2003 51, 167.
rangeJyn coupling,Juy is determined by the spirorbit terms (21) F?<aupp, M.; Binl, M.; Malkin, V. G. Calculation of NMR and EPR

except close to_the cis_2 structure in porphycene, where theparameters. Theory and applicatign#/iley-VCH: Weinheim, Germany,

proton—proton distance is sufficiently small for the FC term to  2004.

prevail. (22) Cleland, W. W.; Frey, P. A,; Gertl, J. A. Biol. Chem1998 273,
s ; : 25529.

The sh|gld|ng constants of the inner protons and the nitrogens (23) Scheiner, S.: Kar, T0. Am. Chem. Sod995 117, 6970.
engaged in the proton transfer change significantly during the  (24) Guthrie, J. P.; Kluger, Rl. Am. Chem. S0d.993 115 11569.
migration, with the parent nitrogens becoming deshielded and (25) Waeshel, A.; Papazyan, A.; Kollman, P.ciencel 995 269, 103.
the terminal nitrogens shielded. The isotropic changes ef 80  (26) Gertl, J. A.; Gassman, P. G.Am. Chem. S0d.993 115, 11552.

; ; - (27) Braun, J.; Schlabach, M.; Wehrle, B.; &wer, M.; Vogel, E.;
100 ppm are accompanied by twice as large (and opposite N imbach, H-H.J. Am. Chem. Sod 994 116, 6593,

direction) changes in .the sh!eldir)g ?—niSOUOpY- o (28) Langer, U.; Hoelger, C.; Wehrle, B.; Latanowicz, L.; Vogel, E.;
The changes in the isotropic shielding of the migrating proton Limbach, H.-H.J. Phys. Org. Chen00Q 13, 23. _
are substantial, spanning almost the ftilshielding scale, and (29) Kozlowski, P. M.; Wolinski, K.; Pulay, P.; Ye, B.-H.; Li, X.-¥J.

; : hys. Chem. A999 103 420.
they are accompanied by equally large anisotropy changes. The (30) Steiner, E. Fowler, P. WOrg. Biomol. Chem2003 1, 1785.

migrating proton first becomes deshielded as it moves toward  (31) wehrle, B.; Limbach, H. H.; Kcher, M.; Ermer, O.: Vogel, E.
the transition state and then becomes shielded again as thengew. Chem,, Int. Ed. Engl987, 26, 934.
terminal nitrogen is approached. In the cis-to-trans, cis1-to-trans, Ed(3EZ) \I/figglé 26 Kz'ﬂggeh M.; Schmickler, H.; LexJ. Angew. Chem., Int.
et aldi . Engl. \ .

and_ cis2-to-trans pathways_, the shielding constants of the (33) Schilf, W.J. Mol. Struct.2004 691, 141.
stationary proton are essentially unaffected by migration. (34) Becke, A. D.J. Chem. PhysL993 98, 5648.

Concerning the possibility of measuring and extracting  (35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
meaningful structural information from the spispin coupling M. A;; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,

constants, thelyy coupling constants between the migrating E.lg.;lggéant,lc.; Dapprich, S.; Millam, J. M.; et@laussian 9grevision

proton .and. the parent or termir!al nitrogen nUC|e.i appear to be "(36) Helgaker, T.; Jensen, H. J. A.; Jorgensen, P.; Olsen, J.; Ruud, K.;
promising in this respect, provided the system is sufficiently Agren, H.; et aDALTON, an ab initio electronic structure programelease
cooled to slow the proton motion and enable the measurement.1.2; 2001 (see http://www.kjemi.uio.no/software/dalton/dalton. html).

Because of the higher exchange barriers, this should be easie54(()3é7) Helgaker, T.; Watson, M.; Handy, N. @.Chem. Phy200Q 113

to achieve for porphyrin than for porphycene. For both = (3g) Helgaker, T.; Wilson, P. J.; Amos, R. D.; Handy, N.ZChem.
molecules, thé*N/!®N isotopic substitution at selected sites may Phys.200Q 113 2983.

facilitate the experimental detection of proton-transfer related  (39) London, FJ. Phys. Radiuni937 8, 397.

; ; ; aldi (40) Huzinaga, SApproximate Atomic Functiopdech. Rep., University
changes of spiaspin coupling and shielding constants. of Alberta, Edmonton, 1971.
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