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Abstract: The high-resolution solution structure and dynamics of a cofacially aligned porphyrin-phenylene-
quinone compound have been determined using1H NMR spectroscopy and simulated annealing calculations.
Members of this class ofπ-stacked assemblies feature a 1,8-naphthyl pillaring motif that enforces sub van der
Waals interplanar separations between juxtaposed porphyryl, aromatic bridge, and quinonyl components of
the donor-spacer-acceptor compound; this structural motif gives rise to a comprehensive set of structurally
significant NOE signatures that can be used as constraints in quantitative structural calculations. Examination
of such data using ab initio simulated annealing analytical methods shows that 5-[8′-(4′′-[8′′′-(2′′′′,5′′′-
benzoquinonyl)-1′′′-naphthyl]-1′′-phenyl)-1′-naphthyl]-10,20-diphenylporphyrin displays an unusual degree of
conformational homogeneity in the condensed phase, and represents a rare example where such an analysis
determines unequivocally a single unique structure in solution.

Introduction

Analysis of structure-dependent spectroscopic properties in
the condensed phase requires knowledge of the nature of the
dynamical motions available to the compound of interest. With
such information, key structure-function and structure-property
relationships can be ascertained independent of the assumption
that the liquid-phase structure is identical to that determined
for the solid state by X-ray crystallographic methods.

We have recently reported the synthesis of a new series of
rigid, π-stacked, porphyrin-bridge-quinone systems that differ
in many respects from other classes of donor-spacer-acceptor
(D-Sp-A) systems that feature cofacial aromatic residues
separating D from A.1 In these systems, a 1,8-naphthyl pillaring
motif enforces sub van der Waals interplanar separations
between juxtaposed porphyryl, aromatic bridge, and quinonyl
components of the D-Sp-A compound. The compact nature of
these assemblies limits severely the range of allowable nuclear
dynamical motions, maintaining constant distance and lateral
shift between the adjacent D, Sp, and A units in theπ-stacked
array.

These highly compact, stacked multiaromatic structures
manifest a number of unusual features in their NMR spectra.
For example, 5-[8′-(4′′-[8′′′-(2′′′′,5′′′-benzoquinonyl)-1′′′-naph-
thyl]-1′′-phenyl)-1′-naphthyl]-10,20-diphenylporphyrin (1), a
member of this class of structures, evinces1H nuclei constrained
to reside in unusual and diverse magnetic environments: the
38 aromatic proton resonances of this species are extraordinarily
well resolved, and are distributed uniformly over a 10.20-to-
0.62 ppm spectral window.1 These spectral features combined
with the extensiveJ-coupling network enabled the unambiguous

assignment of all the resonances using conventional COSY and
NOESY 2-D NMR experiments.

2-D Nuclear Overhauser Effect NMR spectroscopy (NOESY)
experiments carried out in tandem with ab initio simulated
annealing (SA) calculations2-6 represent a powerful approach
to probe solution structure. Because of1’s limited conforma-
tional mobility, such methods offer the potential to determine
condensed-phase structural parameters. Similar approaches have
been used by Baringhaus to probe the solution structure of a
dialkylboron enolate10 and by Bruice to assess the ground-state
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structures of several facially capped porphyrin compounds based
on the cyclophane motif.11,12 The favorable structural and
spectroscopic properties of these newly definedπ-stacked
D-Sp-A assemblies allowed the acquisition of a substantial
number of structurally significant NOEs which define key
interplanar relationships between the porphyrin, phenyl spacer,
and benzoquinonyl units; these data were incorporated as
restraining functions in the ab initio simulated annealing
calculations, enabling a high-resolution solution structure of1
to be determined.

Experimental Section

NMR Spectroscopy.NMR spectra were recorded on a 500-MHz
AMX Bruker spectrometer. Sample concentrations were typically 14
mM in CDCl3 (Cambridge Isotope Laboratories). All samples were
degassed via 3 freeze-pump-thaw cycles. The chemical shifts for1H
NMR spectra were referenced to internal TMS (δ ) 0.00 ppm).
Resonance assignments in compound1 were based on analyses of 1-D
1H NMR spectral data and the DQF-COSY spectrum (2 K points in
the acquisition dimension and 512 points in the indirect dimension)
reported herein for [5-(8′-[4′′-(8′′′-[2′′′′, 5′′′-dimethoxyphenyl]-1′′′-
naphthyl)-1′′-phenyl]-10,20-diphenylporphinato]zinc(II).1

2D NOESY. Two-dimensional phase-sensitive NOESY spectra13

were taken at different mixing times (50, 100, 200, 400, 600, 800, 1000
and 1200 ms) to ensure the linearity of the NOE volume buildup with
respect to the mixing timeτm. The NOESY spectrum obtained atτm )

800 ms was chosen for quantitating NOESY volume integrals due to
the lack of spin diffusion. The data were processed on a Silicon
Graphics O2 workstation using the software program XWINMR.
Spectral data were obtained in 1 K complex points in the acquisition
dimension and 512 points in the indirect dimension. The data were
zero-filled to double the size, and apodized with a sine squared window
function in both dimensions. The volumes of the NOE cross-peaks were
integrated using the routine built in the program Felix 98 integrated
with Insight II (Molecular Simulations Inc., San Diego, CA). The
interproton distances were calculated using the equation

where ra is the proton-proton distance of interest,rb is a known
proton-proton distance (i.e. H7-H8, 2.374 Å Figure 2), and NOEa and
NOEb are the cross-peak volume integrals extracted from the NOESY
spectra. For these studies, the calibration distance,rb, corresponds to
the X-ray crystallographically determined separation between the H4

and H5 atoms of 1,8-diphenylnaphthalene.14-16

NMR Structure Calculations. The absence of an X-PLOR force
field for compound1 necessitated the development of a reliable
parameter set that would be employed in all subsequent X-PLOR NMR
structural calculations. The complete force field (parameter and topology
files) is contained in the Supporting Information. The compound1 force
field was developed using the porphyryl residue topology file (por-
phyrin.rtf) supplied with the Quanta software package (Molecular
Simulations Inc., San Diego, CA) while the ChemNote facility of
Quanta was used to construct the naphthalene pillar, phenyl spacer,
and quinone acceptor moieties and the corresponding linkages between
these components. The composite structure was then exported in PDB
format for use in X-PLOR (Molecular Simulations Inc., San Diego,
CA, Version 3.81). The molecular coordinates from this initial structure
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Figure 1. 500 MHz 1H NMR spectrum of 5-[8′-(4′′-[8′′′-(2′′′′,5′′′′-benzoquinonyl)-1′′′-naphthyl]-1′′-phenyl)-1′-naphthyl]-10,20-diphenylporph-
yrin (1) in CDCl3. Spectral regions A and B are shown as expansions of the full spectrum.

ra ) rb(NOEb/NOEa)
1/6 (1)
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were used to generate a molecular template coordinate set17 with
arbitrary extended conformation. The simulated annealing protocol is
based on an MD simulation with subsequent cooling steps to drive the
system toward its low-energy state.3-6,18

The target bond and angle parameters for the porphyrin moiety were
extracted from the X-ray crystallographic data of 5-(2′,5′,2′′,5′′-
tetrafluoro-2′′′,5′′′dimethoxy[1′,1′′,4′′,1′′′]terphenyl-4′-yl)-10,20-diphe-
nylporphyrin.19 Dihedral angle parameters for the porphyrin macrocycle
were set to either 0 or 180° depending on their cisoid or transoid
configuration in an ideal planar macrocycle. Improper torsional angles
of the porphyrin were fixed to maintain planarity. The naphthyl and
spacer-phenyl bond, angle, and dihedral angle parameters were based
on X-ray crystallographic data obtained by House14-16 for 1,8-
diphenylnaphthalene; the quinonyl moiety was parametrized using X-ray
crystallographic data published by Rees.20 All force constants used in
the X-PLOR-based NMR structural determination were the program
default values (bonds, 1000 kcal mol-1 Å-2; dihedral angles, 750 kcal
mol-1; improper angles, 750 kcal mol-1; and other angles, 500 kcal
mol-1 rad-2) required to maintain the covalent geometry during the
high-temperature molecular dynamics steps. Standard masses were taken
for C, H, N, and O in the structure file.

Ab Initio Simulated Annealing. Starting from an extended structure
of compound1, 50 different conformers were generated using the
standard ab initio simulated annealing protocols2,17with the NOE values
summarized in Table 1 as a restraint file. The lower bounds of the
proton-proton constraints were set to the sum of the van der Waals
radii while the upper bound was set to 10% higher than the calculated
distances.11,12An initial minimization (Powell, 50 steps) was performed
followed by the high-temperature molecular dynamics. For an efficient
conformational sampling, 6000 steps of molecular dynamics were
performed at 2000 K with a time step of 0.005 ps. The total number of
cooling steps was 1000 to reach a final temperature of 100 K. A final
stage of 200 steps of Powell minimization was used to minimize the
50 structures generated. The 50 structures generated from the ab initio
simulated annealing were further refined using therefine-gentle
procedure as described by Bru¨nger,17 which employs the full Lennard-
Jones potential and thus includes repulsive and attractive terms as well
as electrostatic factors in the calculation of the nonbonded energies.
The initial temperature for this final refinement was 300 K. The

simulated annealing time step was 0.0001 ps as to allow a gradual
introduction of the full van der Waals radii for the nuclei. As a
computational control experiment, ab initio simulated annealing calcula-
tions of compound1 in the absence of NOESY-derived distance
restraints were performed to determine the effect of the constraints on
the conformational search. The unrestrained calculations utilized the
identical parameter set (Supporting Information) as was employed in
the X-Plor MD/SA calculation with constraints. In addition, all user
inputted variables in the ab initio simulated annealing calculations
remained unchanged with respect to those used in the calculations with
distance constraints, including those relevant to the slow cooling
refinement process.

Final CHARMm Restrained Minimizations of ab Initio Simu-
lated Annealing Derived Structures.The 50 structures generated were
minimized using the CHARMm force field21 with the 11 NOESY-
derived constraints to obtain final CHARMm energies. The CHARMm
constraint potential function21 parameters RMIN and RMAX were
maintained at identical values as were used in the XPLOR NMR
structural determination calculations (RMIN) proton-proton van der
Waals contact distance (1.90 Å); RMAX) 1.10 times the proton-
proton distance determined from the NOESY spectral data). The force
constant parameters KMIN and KMAX21 were set to 15 kcal/(mol‚Å2)
and describe the steepness of the NOE constraint potential function
outside of the user-defined potential width. Increasing or decreasing
the KMIN and KMAX parameters by up to 10 kcal/(mol‚Å2) did not
significantly affect the final energy or the resultant structure. The
CHARMm force field parameters for compound1 are tabulated in the
Supporting Information. Minimizations were performed for approxi-
mately 6000 steps or until the energy difference between successive
minimizations was less than 1× 10-9 kcal/mol. The nonbonded lists,
which describe through-space proton-proton contact distances, were
updated every 5 steps; a standard nonbonded cutoff distance of 14.5 Å
was used in these calculations.

Results and Discussion

1- and 2-D Spectral Assignments and Characteristics.
Complete and unambiguous assignment of the1H NMR
resonances for1 was accomplished using a 1-D1H NMR, 2-D
homonuclear COSY, and 2-D NOESY NMR methods. Fortu-
nately for compound1, this process is simplified highly due to
the unusual nature of its 1-D1H NMR spectrum. A large body
of spectral data previously reported1 for precursor molecule
[5-(8′-[4′′-(8′′′-[2′′′′,5′′′-dimethoxyphenyl]-1′′′-naphthyl)-1′′-
phenyl]-1′-naphthyl)-10,20-diphenylporphinato]zinc(II) (2) made
facile spectral assignments in1. Comparison of 1-D1H NMR
spectral data obtained for1 (Figure 1) and21 shows that the
spectrum changes little upon transformation of dimethoxyben-
zene unit (2) to a benzoquinonyl moiety in compound1. The
COSY data (Supporting Information) of compound2 enabled
straightforward assignment of both the Naphthalene I pillar
(H11-H16) and the Naphthalene II pillar (H5-H10) protons
(Figure 2).

The 1-D 1H NMR spectrum of compound1 manifests the
characteristics previously enumerated for this class ofπ-stacked
D-Sp-A compounds,1 which include (i) distribution of aromatic
resonances over a spectral window that spans 10.20-0.62 ppm,
(ii) groupings of signals that derive from disparate shielding
effects as a result of an upright,π-stacked geometry, and (iii)
sharp resonances which exhibit little-to-no spectral overlap.
Figure 1 divides the spectrum into two regions labeled A and
B. Region A contains those resonances ascribed to the porphyrin
â pyrrolic protons, the porphyrin 10,20-phenyl substituents, as
well as the protons residing on the Naphthalene I pillar (Figure
2). Region B contains the resonances associated with the
Naphthalene II pillar, the intervening phenyl spacer (H1-H4,
Figure 2), and the protons residing on the quinonyl subunit.
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Figure 2. Proton labeling schematic for compound1. Compound1’s
observed NOESY signals are highlighted using curved arrow notation.
The NOE marked with an asterisk was utilized as a known separation
distance (2.374 Å).14,15
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Porphyrinic Assignments.The distribution of the chemical
shifts associated with the eightâ pyrrolic doublets is charac-
teristic of a 5-substituted 10,20-diphenylporphyrin.22 Typically,
this substitution pattern results in the observation of four sets
of symmetry-relatedâ protons; the magnitude of the chemical
shift values for these nuclei decreases with increasing distance
from the unsubstituted meso position. Using this chemical shift
trend as a guideline, one would expect that the two protons
flanking the unsubstituted meso position in1 would resonate
furthest downfield. This is indeed what is observed in the 1-D
1H NMR spectrum of1 (Figure 1). Unlike a 5-substituted 10,-
20-diphenylporphyrin, which due to fast exchange of the pyrrolic
N-H protons displays a spectral signature characteristic ofC2V
symmetry, compound1 exhibits eight uniqueâ pyrrolic
resonances and is thus pseudo-Cs symmetric. The observation
of eightâ pyrrolic resonances evinces that rotation around either
the Cmeso-to-C1-naphthyland/or the C8-naphthyl-to-C1-quinonyl link-
ages are slow on the NMR time scale, since either of these two
dynamic processes would generate a plane of symmetry
bisecting the porphyrin 5- and 15-meso carbon atoms, resulting
in the observation of 4 sets of porphyrinâ-pyrollic doublets.
The H21, H22 atoms (Figure 2) exhibit the furthest downfield
chemical shift (9.28 and 9.36 ppm, respectively) of the eightâ
protons. A clear set of NOESY-derived cross-peaks correlating
theâ pyrrolic protons H21 and H22 with the meso proton (H20)
corroborates this assignment. Having firmly established the
identity of the downfieldâ protons as the H21/H22 set, the
assignment of theirJ-coupled partners (H24 δ ) 8.99 ppm, H23

δ ) 8.88 ppm) was straightforward with the aid of a COSY
spectrum (Supporting Information).

The NOE assignments of the remaining 4â pyrrolic protons
(H25-H28, Figure 2) is critically important in the solution
structural determination of compound1. The spatial proximity
of these nuclei with respect to the H1 and H2 protons residing
on the intervening phenyl spacer provides key quantitative
information regarding the geometrical relationship between the
phenylene spacer and the porphyrin macrocycle. As shown in
Figure 1, there exist three doublets in the region of 8.71-8.58
ppm; on the basis of the chemical shift pattern typical of
5-substituted-10,20-diphenylporphyrins,22 two of these doublets
must correspond to the H25 and H26 nuclei. This assumption
was verified by NOESY spectral data which show distinctive
cross-peaks that correlated the H25 and H26 â pyrrolic nuclei
with the four ortho protons of the 10,20-diphenylporphyrinic
substituents (vide infra).

The observation of 4 nonequivalent ortho resonances for the
10,20-diphenylporphyrinic substituents derives from two fac-
tors: (i) hindered rotation of the naphthalene-pillared porphyrin
superstructure about the Cmeso-to-C1-naphthylbond (Figure 2) and
(ii) the fact that Naphthalene I-phenylene-Naphthalene II-
quinone unit is asymmetric. These structural constraints dis-
criminate anR andâ face of the porphyrin macrocycle (Figure
3) and define a unique magnetic environment for the 10-and
20-phenyl ortho protons. The substantial broadening of the four
10- and 20-phenyl ortho proton resonances is consistent with
the established low-frequency librations and the modest rota-
tional barrier for the 10- and 20-phenyl substituents about the
their respective C1′-Cmesobonds.23-25

Figure 4 shows the NOESY cross-peaks correlating both the
H25/H26 and H23/H24 pyrrolic H-atom sets with the ortho protons
of the 10- and 20-phenyl groups. Noticeably, the doublet
centered at 8.67 ppm is assigned to H28. This assignment was
supported by the NOESY data and deviates from the standard
chemical shift profile of a 5-substituted-10,20-diphenylporphy-
rin. The NOESY spectra also aided in the assignment of the
protons H25 and H26.

Differentiating the H25 and H26 nuclei, as well as the H27

nucleus from the H28 â-pyrrolic proton, requires analysis of
additional NOE data. The fact that the porphyryl, naphthyl,
intervening phenyl, and quinonyl moieties of compound1
possess severely restricted rotational degrees of freedom simpli-
fies this task. For example, fast rotation of the quinonyl and/or
intervening phenyl rings on the NMR chemical shift time scale
would result in an averaging of the H3 and H4 resonances as
well as the H1 and H2 signals. Instead, at ambient temperature
(as well as at temperatures near 100°C, vide infra) four unique
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Phys. Chem. B1997, 101, 458-465.

Figure 3. Ball and stick representation of compound1. An R andâ
face of the porphyrin macrocycle are discriminated due to the slow
rotation of the (Naphthalene I)-phenyl-(Naphthalene II)-quinonyl
structure about the Cmeso-to-C1′-Naphthyl linkage. Four unique ortho
resonances (labeled ortho 1-4) are observed in the1H NMR spectrum
(Figure 1) of compound1.

Figure 4. Expansion of the NOESY spectrum in the (7.7-8.5)× (8.6-
9.4) ppm spectral domain. Experimental conditions: solvent) CDCl3,
temperature) 25 °C, τm ) 800 ms. The NOESY cross-peaks correlate
the H25/H26 and H23/H24 pyrrolic H-atom sets with the ortho protons of
the porphyrin’s 10,20-diphenyl substituents.
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doublets corresponding to the H1-4 nuclei are observed in the
1H NMR spectrum (Figure 1) in the region between 4.0 and
5.8 ppm.

NOESY Assignments Which Correlate Porphyryl, Phenyl,
and Quinonyl Subunits. Because the three vinyl protons of
the quinonyl moiety exhibit distinctiveJ-coupling patterns, it
is possible to obtain unambiguous assignments for protons H17-
H19. In particular, H19 centered at 5.49 ppm (Figure 1) displays
a distinctive coupling with H17 (J ) 2.5 Hz). The hindered
rotation of the quinone ring about the C8′′′-naphthyl-to-C1′′′′-quinonyl

linkage at room temperature causes the phenyl H3, H4, H1, H2

nuclei to reside in unique magnetic environments. This fact,
coupled with the sub van der Waals interplanar separations
manifest in 1,8-diarylnaphthalenic compounds, creates a situ-
ation in which H19 can only be juxtaposed to either H4 or H3.

The NOESY data correlate the doublet at 5.49 ppm (H19)
and the doublet centered at 4.23 ppm (J ) 8.8 Hz), now
designated H4. With this assignment made, the H4 resonance
was then correlated with itsJ-coupled partner H2 (δ ) 5.73
ppm). Despite the existence of spectral overlap for H1 and H2

resonances in the 1-D1H NMR spectrum (Figure 1), corre-
sponding cross-peaks in the NOESY experiment are not
overlapping (Figure 5). Note that a simple molecular mechanics-
based structural model for1 would predict that protons H1 and
H2 reside on the periphery of the porphyrin’s shielding region,
while the H3 and H4 nuclei are fixed directly in the shielding
region; the H3 and H4 resonances would thus be expected to lie
further upfield than their respectiveJ-coupled partners (H1 and
H2), supporting the NOESY data that place the mean chemical
shift of H1 and H2 downfield from that of H3 and H4 by
approximately 1.6 ppm. The evaluation of NOESY cross-peak

correlations allows differentiation of H4 and H3, and thus unique
identification of the H25-H28 â pyrrolic nuclei.

The NOESY spectrum displayed in Figure 5 shows the 4
cross-peaks arising from the close interspatial separation of the
â pyrrolic H25-H28 nuclei with the intervening phenyl spacer
protons H1 and H2. Cross-peaks labeled 2 and 4 (Figure 5)
clearly display a more intense NOE than the cross-peaks labeled
1 and 3 (Figure 5). Using the X-ray crystallographic data
available for 1,8-diphenylnaphthalene (Cambridge Database) as
a guideline,14-16 it is predicted that the internuclear distance
separating H2 from H27 should be approximately 1.2 Å smaller
than the H2-H25 separation, due to the outward splaying of the
1,8-naphthalene substituents. Cross-peaks 2 and 4, then, cor-
respond to the NOEs between H1-H28 and H2-H27, respectively
rather than the more distant H1-H26 and H2-H25 interactions.
From these data, it is possible to assign theâ proton resonances
H25-H28 (Figures 1 and 2).

Assignments Based onJ Couplings.The wealth of detailed
J-coupling information accessible in compound1 enables
differentiation of resonances assignable to porphyryl and
naphthyl subunits. Scalar coupling constants for the porphyrin’s
â pyrrolic doublets (3J ) 4.5-4.7 Hz)1 are significantly smaller
than those manifest for any pair of naphthalenic protons (3J ∼
7.8 Hz),1 and thus provide an important assignment criterion in
the two narrow spectral regions where multiple signals appear.
For example, in Figure 1 Region A, naphthyl and porphyryl
protons H11, H14, and H27 resonate within a∼0.2 ppm window.
Differentiation of the porphyrinâ pyrrolic signal H27 from the
two flanking naphthalenic signals is simplified due to its
distinctive 4.7 Hz coupling with H25. Similarly, in the upfield
region spanning 6.2-5.4 ppm, signals from the spacer phenyl

Figure 5. Expansion of the NOESY spectrum in the (5.1-8.6) × (5.4-9.9) ppm spectral domain. Experimental conditions: solvent) CDCl3,
temperature) 25 °C, τm ) 800 ms. The labeled cross-peaks correlations are (1) H26-H1, (2) H28-H1, (3) H25-H2, and (4) H27-H2.
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and quinonyl moieties resonate in close proximity. The three
quinonyl protons H17-19 are distinguished from the phenylene
protons H1-2 by their distinctive splitting pattern consisting of
two doublets (H19, J ) 2.5 Hz; H18, J ) 7.5 Hz) and a doublet
of doublets (H17).

NOESY Data Correlating Orthogonal Aromatic Systems.
The NOESY spectrum is replete with additional cross-peaks
that correspond to magnetic interactions between nuclei residing
on distinct aromatic components of compound1. For example,
due to the coplanar arrangement of naphthalenic 1,8-substituents,
H19 would be expected to reside within the allowable NOE
contact range of H10; such a cross-peak is indeed apparent in
Figure 5. This intersubunit dipolar coupling between H19 and
H10 helps to define the dihedral angle between the quinonyl
and Naphthalene II pillar least-squares planes (vide infra). The
well-resolved NOESY spectrum allows us to calculate all the
distances between hydrogen atoms bound to orthogonal naph-
thyl, aryl, and porphyryl moieties. In the following calculations,
these distances fix the remaining structural degrees of freedom
for 1, and highlight the unusual constraints provided by the 1,8-
diarylnaphthyl structural motif.

A summary of all the intersubunit NOE data is included in
Table 1. Entry 6 in Table 1, for example, defines the distance
between H16 and H17 and aids in the computation of the
geometrical relationship of the quinone with respect to the
Naphthalene I pillar. Likewise, entries 7 and 8 help fix the
dihedral angle between the phenyl spacer and Naphthalene II
pillar; notably, because these experimentally determined H5-
H4 and H5-H3 distances are both under 3.3 Å, it is clear that
the range of dynamical motion for Naphthalene II pillar relative
to the phenylene spacer is highly restricted. Entry 9 further
delineates the geometrical relationship between the Naphthalene
II pillar and the porphyrin macrocycle, limiting the magnitude
of the dihedral angle between the naphthyl and porphyryl
moieties. Entries 12-14 in Table 1 correspond to observed NOE
signatures that are significant structurally, but were not included
in the quantitative analysis of the 2-D NMR data. Spectral
overlap in the NOE cross-peaks made accurate integration of
the associated NOE volumes for entries 12 and 13 difficult.
For the case of entry 14, the observed NOE corresponds to a
dipolar interaction between H5 and an internal porphyrinic N-H
proton; although this result is qualitatively significant, and

should be considered in any assessment of the geometry of the
Naphthalene II pillar relative to the porphyrin central core,
pyrrolic N-H tautomerism makes any NOE volume integration
unreliable.

Computational Studies of Solution Structure. (a) General
Approach. A set of 11 interproton distances which define key
structural relationships in1 were extracted from the NOESY
spectrum (Table 1); these NOESY-derived constraints were used
as restraining functions in the MD/SA calculations for compound
1. The 50 lowest energy structures generated using the MD/SA
analysis were further refined using CHARMm-based energy
minimization; these studies determined the distribution of
energies among the conformers and evaluated the extent to
which the calculated structures were consistent with the empiri-
cal NOESY data.

(b) Initial Structural Considerations. The solution structure
determined for compound1 using ab initio simulated annealing
computations that employed NOESY-derived distance con-
straints contrasts the majority of small molecule NMR structural
determinations26-29 that attempt to assign minimum energy
structures to organic molecules that possess significant flexibility
and considerable conformational mobility. Compound1 belongs
to a class of small-to-medium-size organic molecules lacking
extensive dynamical degrees of freedom; this suggests that the
collection of computed minimum energy structures for this
species may display an unusual degree of conformational
homogeneity. Moreover, because structural rigidity restricts
available modes of conformational freedom in compound
1,26,29,30the selection of a reasonable initial structure in these
computations is assured.

(c) Force Field Development for Restrained MD/SA
Analysis.The absence of a suitable parameter set for compound
1 in X-PLOR resulted in the independent development of both
parameter and structure files. To this end, the significant body
of relevant X-ray crystallographic data14-16 available for 1,8-
diarylnaphthalenes was used to build a force field to calculate
the conformation of naphthyl, phenylene, and quinonyl super-
structure. The porphyryl unit of1 was parametrized based on
X-ray crystallographic data obtained from a 5-aryl-10,20-
diphenylporphyrin compound (See Experimental Section). The
structures of the ring systems in1 are not expected to differ
dramatically from those elucidated for the corresponding isolated
aryl, porphyryl, and quinonyl species due to the planar aromatic
nature of each of these modular components.

Because the initial ab initio SA calculations at high temper-
ature ensure an adequate conformational search for all possible
conformers of compound1, our general computational protocol
utilizes the 50 structures generated from the ab initio SA
calculations ashighly refinedinitial structures for the CHARMm
restrained molecular mechanics minimizations. It is worth noting
that the choice of bond, angle, dihedral angle, and improper
angle force constant data proves less crucial in NMR structural
determination calculations compared with standard molecular
mechanics calculations.17 In this context, two main factors must
be considered when compiling force constant data for compound
1. First, the high temperatures associated with the ab initio SA

(26) Nevins, N.; Cicero, D.; Snyder, J. P.J. Org. Chem.1999, 64, 3979-
3986.

(27) Kozerski, L.; Kawecki, R.; Krajewski, P.; Gluzinski, P.; Pupek, K.;
Hansen, P. E.; Williamson, M. P.J. Org. Chem.1995, 60, 3533-3538.

(28) Paloma, L. G.; Guy, R. K.; Wrasidlo, W.; Nicolaou, K. C.Chem.
Biol. 1994, 1, 107-112.

(29) Reggelin, M.; Hoffmann, H.; Kock, M.; Mierke, D. F.J. Am. Chem.
Soc.1992, 114, 3272-3277.

(30) Neuhaus, D.; Williamson, M.The Nuclear OVerhauser Effect In
Structural And Conformational Analysis; VCH Publishers: New York, 1989.

Table 1. Comparison of Experimental Interproton Separations
Determined from NOESY Spectral Data Obtained for Compound1
with the Analogous Distances of1low Derived from the MD/SA
Analysis

entry H-H Labela exptl dist (Å) calcd dist for1low (Å)
b

1 H7-H8
e 2.37 2.34

2 H1-H26 4.00 4.12
3 H1-H28 2.98 3.21
4 H2-H27 3.16 3.22
5 H2-H25 4.87 4.05
6 H16-H17 3.09 2.40
7 H5-H3 2.93 3.26
8 H5-H4 3.28 3.64
9 H6-H20 3.86 3.32

10 H10-H19 3.27 3.31
11 H19-H4 3.06 2.92
12 H16-H1 c 3.51
13 H16-H2 c 3.42
14 H5-NH d 2.43

a SeeFigure 2. b 1low is one of 44 calculated structures sharing the
lowest CHARMm energy of 77.5 kcal/mol. See text for details.c Data
not included in the quantitative structural analysis because of H16-H1

and H16-H2 NOE cross-peaks overlap.d Data not included in the
quantitative structural analysis. See text for details.e Taken as a known
separation and used as a calibrant. See refs 14 and 15.
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simulations require a significant scaling of all force constants
to retain structural integrity and reasonable degrees of porphyryl,
phenyl, and naphthyl ring planarity. Second, because the ab
initio SA analysis was being used as a conformational searching
tool, with the structures calculated from this analysis further
minimized using a well established and widely accepted force
field, force constant data for the X-PLOR calculations need only
be approximate.17,31

(d) Ab Initio SA Analysis. Due to the fact that 1-D and 2-D
NMR evidence strongly suggests that1 adopts an upright
π-stacked arrangement in solution,1 the choice of the basic
templated structure geometry for the ab initio SA calculation17

is not controversial. The calculation was performed with 6000
steps of molecular dynamics at 2000 K with a time step of 0.005
ps. The total number of cooling steps was 1000 to reach a final
temperature of 100 K. Using a random seed generator built into
the X-PLOR program, we generated 50 low-energy structures.
These 50 structures were then subject to a MD/SA slow cooling
refinement process in which van der Waals radii were described
by a full Lennard-Jones potential.17

(e) Comparison of NOE Data with ab Initio SA Deter-
mined Structures. The 50 refined structures were evaluated
for NOE violations in excess of 0.5 Å, which represents the
limit of confidence for the NMR measurements (Table 2); all
50 structures satisfied this conformational restraint. Remarkably,
when more stringent criteria were used (i.e., a 0.2 Å NOE
violation limit), 41 of these 50 computed minimum energy
structures were finally accepted (Table 2). These structures
generated from the ab initio SA calculations demonstrate not
only excellent accuracy in their computed interproton distances
with respect to the experimentally measured distances, but also
high precision. An average structure was calculated from the
50 refined conformers that considered1’s entire 52 carbon atom
framework. The root-mean-square deviation of the 50 conform-
ers with respect to the consensus structure was calculated to be
0.51 Å (Table 2).

The relative energies32 of the 50 ab initio SA derived
structures show that 42 of these refined structures reside within
a tight 9 kcal/mol energy domain; 6 of the 8 remaining
conformers have energies varying from 11 to 17 kcal/mol above
the lowest energy structure. The final two conformers had
energies exceeding the lowest energy structure by>29 kcal/

mol. The fact that 42 of the calculated structures have an
energetic spread of 9 kcal/mol compares well with studies by
Bruice and co-workers11,12 in which the solution structure of a
capped porphyrin was determined by 2-D NMR in conjunction
with distance geometry calculations. In these studies, after
grouping the 100 calculated structures into 13 structural
subclasses and looking at the lowest energy conformer in each
grouping, it was found that the 13 conformers varied in
CHARMm energy by approximately 10 kcal/mol.11,12 Clearly,
a notable aspect of the ab initio SA determined structures for
compound1 with respect to these studies is the fact that 42 of
the 50 low-energy structures belong to a single structural
subclass.

The 50 structures derived from the hybrid MD/SA calcula-
tions represent excellent starting conformations for the second
phase of the structural calculations, CHARMm-based restrained
molecular mechanics. First, the fact that 41 of the calculated
structures show no NOE violations greater than 0.2 Å and all
50 structures show NOE agreement under 0.5 Å demonstrates
that there is an excellent correlation between the calculated and
experimentally determined structures. Second, the 50 calculated
structures exhibit significant conformational homogeneity as
expressed in a root-mean-square value of 0.51 Å for the entire
52 carbon skeleton. Third, the hybrid MD/SA analysis returned
42 of the 50 structures within a 9 kcal/mol energy distribution.
While direct quantitative comparison with other small molecule
solution structure determinations is difficult because the criteria
used to evaluate the accuracy of calculated structures varies
significantly,33 the hybrid MD/SA analysis clearly reproduces
the overall structural features of1’s solution structure, providing
a highly constricted subset of conformations for use in the final
restrained minimization procedure.

(f) Computation of Structures in the Absence of NOE
Restraints. To assess the effect that inclusion of NOESY data
has upon the conformational search of compound1, the ab initio
SA analysis was repeated in the absence of distance restraints.
This baseline computation provides critical information regard-
ing the impact NOESY constraint data has on shaping the
outcome of these structural calculations. Repeating the ab initio
SA analysis without NOE constraints generates a set of 50
conformers that display a wider range of conformational
diversity as compared with those structures calculated with the
inclusion of restraints. The effect of the distance restraints is
best assessed by comparing the root-mean-square values of the
two data sets (Table 2), obtained with (root-mean-square
deviation) 0.51 Å) and without (root-mean-square deviation

(31) Marques, H. M.; Brown, K. L.Coordination Chemistry ReViews
1999, 190-192, 127-153.

(32) The energies reported for the 50 conformers represent CHARMm
point energies. These energies are derived by reparametrizing the 50
conformers obtained during the X-Plor hybrid MD/SA analysis with
CHARMm parameters (Supporting Information) and simply calculating a
CHARMm energy at constant structure. The relative energies of the 50
conformers offer insight into the energetic distribution of the conformeric
set but are meaningless with respect to absolute energies.

(33) The evaluation parameters used in assessing the quality of calculated
structures are typically defined as a function of the force field employed.
Root-mean-square calculations are dependent on the atom set included in
the calculation.

Table 2. Distribution of Low-Energy Structures for Compound1 Determined from ab Initio SA Calculations and the CHARMm-Restrained
Minimizations

initial ab initio SA (X-Plor)a
final CHARMm

restrained minimizationb

constraints includedc no constraints included constraints includedc

structures with NOE violations>0.5 Å 0 2
structures with NOE violations>0.2 Å 9 4
root-mean-square deviations 0.51 Åd 2.40 Åd <0.10 Åe

energetic distribution of the lowest
energy conformations

42 structures within
9 kcal/mol of1low

44 structures within
1 kcal/mol of1low

f

a See refs 3-6 and 18.b See Experimental Section and ref 21.c Calculations included 11 distance constraints derived from quantification of
NOESY cross-peak data listed in Table 1 (entries 1-11). d An average structure was calculated based on 50 conformers from the hybrid MD/SA
analysis which considered the entire 52 carbon atom framework of1. The RMSD value of the 50 conformers is relative to this average structure.
e The root-mean-square deviation calculation considered the entire 52 carbon framework of all 50 conformers and is relative to the lowest energy
conformer,1low. f See Figure 6.
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) 2.40 Å) restraints; these data show that the NOE restraints
do in fact play a key role in improving the quality of the
calculated structures.

Remarkably, the 50 conformations obtained in the absence
of constraints can be grouped into two structural subclasses by
visual inspection. One family of conformers (36 structures)
loosely resembles the structures calculated when distance
restraints were employed, but show comparatively large varia-
tion of the dihedral angles between the porphyrin least-squares
plane and the planes defined by the Naphthalene I and II pillars
(∼30 to -30 ° and 10 to-10 °, respectively). Although the
vast majority of these conformers are thus inconsistent with both
the 1-D 1H NMR chemical shift data for the Naphthalene II
pillar and NOESY-determined internuclear separations involving
the porphyrin macrocycle (see entries 2-5, Table 1), similarity
in gross structural characteristics (stacking of porphyrin, phe-
nylene, and quinonyl units) demonstrates the robustness of the
naphthyl pillaring motif to enforce a stacked arrangement of
its 1 and 8 substituents.

The second family of 14 conformers corresponds to an
improbable group of structures that are totally inconsistent with
any of the experimental data. These structures display severe
tipping of the Naphthalene I-phenyl-quinone assembly back
away from the porphyrin (discussed in more detail later)
allowing the Naphthalene II pillar to rotate such that the
quinonyl ring is oriented into the porphyrin core. This highly
variable group of structures obtained in the absence of the
NOESY constraints does, however, evince the efficiency of the
hybrid MD/SA protocol at sampling large areas of conforma-
tional space, and generating structures that clearly do not reside
within the same local energy minimum.

The results of the unrestrained ab initio SA calculations
highlight a unique feature of electron-transfer system1. Even
in the absence of distance constraints, one of the two families
of compounds resemble the low-energy structures determined
when NOESY data had been included. Of course, as clearly
evident in the root-mean-square deviation values for the
unrestrained and restrained data sets (2.40 vs 0.51 Å), the
inclusion of distance restraints significantly refines the quality
of the calculated structure, and increases its precision. These
studies indicate that the NOESY data are essential for (i)
defining the relative orientation of the porphyrin and phenyl
spacer’s least-squares planes, (ii) fixing Naphthalene II’s ortho-
gonality with respect to the macrocycle plane, and (iii) verifying
that the extent of porphyrin-based distortions that serve to reduce
macrocycle aromaticity, particularly at the pyrrolic units that
flank the Naphthalene I pillar, is minimal.

CHARMm-Based Restrained Molecular Modeling of the
ab Initio SA Starting Structures. The 50 energy-minimized
conformers derived from ab initio SA calculations were used
as initial structures for restrained minimization in CHARMm.
The main advantages of this final refinement procedure are the
reliable parametrization of1 in the CHARMm force field and
the convenience of evaluating the relative stabilities of mini-
mized conformers in terms of CHARMm energies. The quality
of the low-energy calculated structure can be assessed by
comparison (Table 1) with the NOESY-determined internuclear
separations. NOE violations of 0.5 Å were found in only 2 of
the 50 structures; lowering the acceptance threshold for the NOE
violations to 0.2 Å excluded only 4 of the 50 structures, an
improvement from the 9 structures found to have violations in
the ab initio SA analysis (Table 2). The CHARMm-minimized
structures show excellent consistency with the experimentally
determined NOESY data. As expected, the longer NOE-

determined contact distances (e.g., entry 5, Table 1) show larger
discrepancies between the experimental and calculated distances.

A histogram showing the energetic spread of the 50
CHARMm-minimized structures is shown in Figure 6. The data
show that 44 of the conformers are isoenergetic with a
CHARMm energy of 77.5 kcal/mol; 5 conformers lie slightly
higher in energy (<6 kcal/mol). One outlying conformer not
included in Figure 6 has a CHARMm energy of 135 kcal/mol.
The structural homogeneity of the 50 CHARMm-minimized
conformers is rather remarkable. Comparing the lowest energy
structure (1low) with the 49 structures represented on the Figure
6 histogram shows that the root-mean-square deviation is<0.1
Å.

Structural representations of1low are shown in Figure 7 (van
der Waals spheres at 80%). Several features of the calculated
1low structure deserve comment. A labeling schematic for the
critical distances and angles used to characterize1low is shown
in Figure 8; the corresponding numerical data can be found in
Table 3. One of the most striking features of the1low structure
is the closely packed,π-stacked arrangement of the porphyrin
donor, intervening phenyl spacer, and the quinone acceptor. For
example, the internuclear distance separating the C1 and C1′
carbon atoms (distance A, Figure 8B) of the 1-quinonyl and
1-phenyl substituents of Naphthalene II is 2.97 Å in1low, 0.4 Å
below the van der Waals separation distance; these data are
consistent with X-ray crystallographic data for the analogous
distance separating the C1′ and C1′′ carbon atoms in 1,8-
diphenylnaphthalene (2.99 Å, Table 3; distanceA, Figure 8A).
Similarly, a sub van der Waals separation (2.97 Å) is also
observed for the distance labeledD in Figure 8B. Note also
that theA and C distances in1low are consistent, suggesting
that the hallmark sub van der Waals separation associated with
simple 1,8-diarylnaphthalenes is maintained in1 despite the
incorporation of a large porphyrinic substituent at the Naph-
thalene I’s 1-position.

Seminal work by both House14 and Roberts15 detailed the
structural deformations which the naphthalene ring system
undergoes to relieve considerable electrostatic repulsions be-
tween the compressedπ-aromatic systems; note that the
juxtaposed aromatic rings of 1,8-diphenyl naphthalene splay

Figure 6. Histogram which shows the final CHARMm energetic
distribution of the calculated structures. The calculated structures and
their associated energies are the result of an initial conformational search
using hybrid MD/SA followed by restrained minimization in the
CHARMm force field.
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outward. The internuclear separationA (Figure 8A) in 1,8-
diphenylnaphthalene is 2.99 Å, whereas distanceC, which
separates the 4′-phenyl-carbon centers, is 4.02 Å. The cen-
troid-centroid distanceB for 1,8-diphenylnaphthalene is inter-
mediate between these two extremes at 3.53 Å; these metrical
parameters correspond to an enlargement of the naphthalene
C(1)-C(9)-C(8) angle by approximately 5° to a value of
126.2°.14,15 Note that the analogous C(1)-C(9)-C(8) angles
for Naphthalene I and Naphthalene II pillars are 128.0 and 127.4
°, respectively. Comparison of relevant metrical data in1low

shows a slightly attenuated degree of outward splaying relative
to the 1,8-diphenylnaphthalene archetype, with a centroid-to-
centroid distanceB (Figure 8B) separating the quinone ring from
the phenyl spacer of 3.46 Å, and aC distance of 3.95 Å. The
vertical displacement of the centroid of the Naphthalene I pillar’s
8′-phenyl substituent from the porphyrin least-squares plane
(separation distanceE, Figure 8B) is 3.35 Å, slightly lower than

the corresponding distanceB separating the centroids of
Naphthalene II’s substituents (3.46 Å) and the phenyl-ring
centroids of 1,8-diphenylnaphthalene (3.53 Å). Also included
in Table 3 and highlighted in Figure 8B is separationG, which
corresponds to the 6.80 Å vertical displacement of the quinone
centroid from the porphyrin least-squares plane.

Perhaps the most remarkable aspect of the 1-D1H NMR
spectrum of1 is the chemical shift determined for aromatic
proton H5 (Figure 2), which resonates at 0.62 ppm (Figure 1,
inset); note that the H5 resonance is shifted6.8 ppm upfield
from the analogous signal observed for 1-iodo-8-[4′-(8′′-[2′′′,5′′′-
dimethoxyphenyl]-1′′-naphthyl)-1′-phenyl]naphthalene. Related
NMR studies by Pascal and Van Engen34 show that strained
cyclophanes such as 2,6,15-trithia[34,10][7]metacyclophane, in
which an apical methine hydrogen is forced into the center of
an aromatic ring (H-to-arene centroid distance) 1.69 Å,
determined from X-ray crystallographic data34), display an
unusual resonance at-2.84 ppm, 4.90 ppm upfield of the
analogous methine proton signal observed for the acyclic model
compound. Similarly, related cyclophanic architectures have
been built that feature exceptionally small hydrogen-to-aromatic
ring distances; for example, Boekelheide has shown that a sub
van der Waals proton-proton separation of 2.16 Å exists in
[2,2]metaparacyclophane-1,9-diene.35

(34) Pascal, R. A.; Winans, C. G.; Van Engen, D.J. Am. Chem. Soc.
1989, 111, 3007-3010.

(35) Boekelheide, V.; Anderson, P. H.; Hylton, T. A.J. Am. Chem. Soc.
1974, 96, 1558-1564.

Figure 7. The structure of1low; van der Waals spheres are at 80%.

Figure 8. Schematic highlighting the key interplanar distances in (A)
1,8-diphenylnaphthalene and (B) compound1.

Table 3. Comparative Distances Separatingπ-Stacked Ring
Systems in Compound1low (Determined from ab Initio SA Analysis
Incorporating NOESY Restraints and Subsequent CHARMm
Restrained Minimization) and 1,8-Diphenylnaphthalenea

calcd distance (Å)

label 1low
b 1,8-diphenyl naphthalenec

A 2.97 2.99
B 3.46 3.53
C 3.95 4.02
D 2.97
E 3.35
F 2.17
G 6.80

a See Figure 8.b 1low is defined as the conformer with the lowest
CHARMm energy of the 50 calculated structures.c Determined from
X-ray crystallographic data. See refs 14 and 15.
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Insight regarding the origin of this large upfield shift for H5

in compound1 is gleaned from metrical analysis of1low. The
distance separating the H5 nucleus from the porphyrin least-
squares plane in1low (F, Figure 8B) is 2.17 Å. The upright
orientation of the Naphthalene II pillar in1 directs H5 into the
porphyrin core, where it is flanked on either side by the
porphyryl 10 and 20 substituents. The sub van der Waals
positioning of H5 relative to the aromatic porphyrin ring is most
easily visualized in the space-filling representation of Figure 7.

Nonquantitative NOESY Data Consistent with the Com-
puted 1low Structure. In addition to the NMR data which
support the validity of the calculated structure1low, there exists
substantial nonquantitative NOESY data that solidify the
structural conclusions derived from the analyses of the 1- and
2-D 1H NMR spectral data. The observation of a NOE between
the H5 resonance (0.62 ppm) and the internal N-H signal
(-3.35 ppm) is consistent with the positioning of the H5 nucleus
in the porphyrin central core. Likewise, NOESY cross-peaks
observed from dipolar interactions involving H6-H20, H6-H21,
and H6-H22 support an NMR-time scale average upright
structure for Naphthalene II. The mere observation of these
medium-to-long-range NOEs involving the H6 proton withboth
the H22 and H21 â pyrrolic protons are indicative of rigid
conformation where the Naphthalene II pillar’s average position
is fixed upright and centered between the two porphyrylâ proton
resonances. These experimental results are clearly satisfied in
the calculated structure1low where the distances separating H6-
H22 (4.14 Å) and H6-H21 (4.19 Å) are, within the limitations
of this analysis, identical. To fully appreciate the structural
significance of these results, it is worthwhile to consider the
spectroscopic consequences that would be manifest in the
NOESY spectrum if the Naphthalene II pillar could access a
wide range of dihedral angles with respect to the porphyrin
plane. Tilting motions of the Naphthalene II unit cause the H9-
H10 nuclei to approach either the H21 or H22 â pyrrolic protons.
If, for example, the Naphthalene II moiety tilted toward the H22

nucleus, a significant increase in the distance separating the H6

and H22 would result, reaching a maximum value (∼7 Å) when
Naphthalene II achieves coplanarity with the porphyrin least-
squares plane. If the compound1 structure were not rigid, such
large-amplitude tilting motions would cause the average H6-
H21/H22 distance measured via NOESY to increase from the
experimentally determined value of∼4 Å toward the 7 Å limit.
Even a marginal increase of the average NMR-time scale H6-
H21/H22 distances would place the corresponding NOEs out of
the experimentally measurable range (>5 Å).30 Similarly, if the
low-energy structures featured tilting of Naphthalene II toward
either the porphyryl H21 or H22 nuclei, and the barrier to an
upright Naphthalene II intermediate was large with respect to
kT, an asymmetric NOE response for the H6-H22 and H6-H21

dipolar interaction would be observed, which was not the case.
In sum, the experimental data can only be rationalized within
the context of a structure in which the average position of the
H6 resonance lies equidistant between the H21 and H22 protons
thereby exhibiting weak, yet measurable, NOESY cross-peaks
between H6 and the H21/H22 nuclei.

Variable-Temperature 1H NMR Spectroscopy. Because
compound1 features 38 fully aromatic resonances spread over
a 9.6 ppm spectral window (Figure 1), 1-D NMR spectroscopy
defines a simple method to probe temperature-dependent
solution-phase dynamics. These studies complement the ab initio
SA analysis and provide insight into the degree to which the
π-stacked geometry of1low remains robust with increasing
temperature. The primary objectives of these variable-temper-

ature (VT) 1H NMR experiments are the delineation of the
temperature-dependent conformational dynamics of Naphthalene
I and II pillars and the elucidation of the magnitude of rotational
barriers associated with the 1,8-diarylnaphthalene ring system.

Temperature-dependent1H NMR spectra of compound1 in
d6-DMSO (Figures 9-11) were recorded over a 30-120 °C
range. The spectral features observed ind6-DMSO at 30°C
were very similar to those observed in CDCl3; note that H5’s
dramatic upfield chemical shift (δ ) 0.62 ppm, CDCl3) remains
evident (δ ) 0.44 ppm,d6-DMSO, Figure 11). The H1 and H2

resonances which partially overlapped in the CDCl3 spectrum
are advantageously resolved (∆δ ) 0.2 ppm) in thed6-DMSO
spectrum (Figure 10). Heating thed6-DMSO sample in 10°C
increments from 30 to 120°C evinces (i) the absence of
significant changes in either chemical shift or line shape for
any of the Naphthalene I or Naphthalene II protons and (ii)
rotation of the quinonyl ring at high temperatures. Fast rotation
of the quinonyl ring about the C8′′′-naphthyl-to-C1′′′′-quinonyl bond
gives rise to a pseudosymmetry plane bisecting the porphyrin
5- and 15-mesocarbon atoms as well as the 1- and 4-positions
of the intervening phenyl and quinonyl rings; the magnetic
environments of protons residing on either side of the symmetry
plane become increasingly similar with augmented temperature,
causing symmetry-related pairs of resonances to eventually
coalesce (see Figures 9 and 10). The affected resonances include
the porphyrinâ pyrrolic protons (H21-H28) (Figure 9) as well
as the intervening phenyl protons (H1-H4) (Figure 10). As has
been noted previously, these VT1H NMR spectra manifest the
characteristic spectral signatures associated with the fast rotation
of two 10- and 20-phenyl rings about the C1′-Cmeso linkage
(Figure 9).23,24,36

The proposedπ-stacked solution structure of1low positions
the Naphthalene I and Naphthalene II pillars upright and
orthogonal with respect to the porphyrin least-squares plane.
Note that the spectra displayed in Figures 10 and 11 demonstrate
that the naphthalenic resonances do not broaden or experience
significant changes in chemical shift with increasing tempera-
ture. The VT 1H NMR data thus show convincingly that
Naphthalene I and II pillars experience only relatively small
amplitude dynamical motions over the 30-120°C temperature
domain and maintain a perpendicular arrangement with respect
to the porphyrin macrocycle even at high temperature. This is
evinced quite clearly in Figure 11, which shows that the
magnitude of the dramatic upfield shift experienced by Naph-
thalene II’s H5 nucleus, which derives from its sub van der
Waals positioning in the porphyrin’s shielding region, remains
essentially unchanged throughout this series of spectra. Cer-
tainly, if the Naphthalene II unit experienced large-amplitude
motions that reduced the porphyrin-naphthalene dihedral angle
with increased temperature, one would expect to observe a
substantial change in the average magnetic environment sampled
by the H5 nucleus. The unusual chemical shift and sharp signal
for the H5 resonance thus constitutes an important probe of local
structure and the dihedral angle between the porphyrin and
Naphthalene II least-squares planes. It is important to point out
that the weak dependence of H5’s line shape and chemical shift
upon temperature (∆δ ) 0.25 ppm, 30-120 °C) is mirrored
by the H6-H10 Naphthalene II protons as well as by the
Naphthalene I H11-H16 nuclei.

While fast rotation of the quinonyl ring is the simplest
explanation that accounts for the coalescence of the porphyryl

(36) Noss, L.; Liddell, P. A.; Moore, A. L.; Moore, T. A.; Gust, D.J.
Am. Chem. Soc.1997, 101, 4458-465.
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â and the intervening phenyl protons, a second ring rotation
process involving the intervening phenyl moiety may also play
a role in determining the temperature-dependent behavior of
these resonances. In this regard, it is worth noting that parallel
VT-NMR studies of [5-[8′-(2′′,5′′-dimethoxyphenyl)-1′-naph-

thyl]-10,20-diphenylporphinato]zinc(II) over an identical tem-
perature domain show no evidence of dimethoxyaryl ring
rotational dynamics.1

Selecting the H22-H21 â proton resonances, which are well-
resolved at ambient temperature (Figure 9), and analyzing the

Figure 9. 500 MHz variable-temperature1H NMR spectrum of 5-[8′-(4′′-[8′′′-(2′′′′,5′′′′-benzoquinonyl)-1′′′-naphthyl]-1′′-phenyl)-1′-naphthyl]-
10,20-diphenylporphyrin (1) in the 9.7-7.5 ppm region. Solvent) d6-DMSO.

Figure 10. 500 MHz variable-temperature1H NMR spectrum of 5-[8′-(4′′-[8′′′-(2′′′′,5′′′′-benzoquinonyl)-1′′′-naphthyl]-1′′-phenyl)-1′-naphthyl]-
10,20-diphenylporphyrin (1) in the 6.3-3.7 ppm region. Solvent) d6-DMSO.
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VT behavior of these signals provides an estimate for the
activation barrier for the quinonyl rotation of approximately 19
kcal/mol. Recalculating a rotational barrier using the coalescence
temperature of the intervening phenyl protons H1-H2 (Figure

10) affords a similar value of 19 kcal/mol. The similarity of
the magnitudes of these two rotational barriers suggests that
the coalescence of the H1-H2 resonances results from the same
dynamical process that causes coalescence in the H22-H21 â
proton set.1 Note that this calculated barrier to rotation is
intermediate with respect to those determined for mono and bis-
ortho-substituted 1,8-diarylnaphthalenes (1-phenyl-8-(o-tolyl)-
naphthalene, 14.7 kcal/mol;37 1,8-di-o-tolylnaphthalene, 24.1
kcal/mol15).

Summary and Conclusions

A series of uniquely rigid,π-stacked ET assemblies have been
defined in which the interplanar distances between D, bridge,
and A aromatic units are less than the sums of their respective
van der Waals radii. The 1-D1H NMR and 2-D NMR data of
these compounds show that (i) the structures constrain nuclei
to reside in unusual and diverse local magnetic environments
and (ii) the close contacts afforded by a sub van der Waals
interplanar separation of D, Sp, and A give rise to a compre-
hensive set of structurally significant NOE signatures that can
be used as constraints in quantitative structural calculations.
Examination of such data using ab initio SA analysis shows
that compound1 constitutes an unusual example of a “small
organic molecule” for which these analytical tools unequivocally
determine a single unique structure in solution.
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Figure 11. 500 MHz variable-temperature1H NMR spectrum of 5-[8′-
(4′′-[8′′′-(2′′′′, 5′′′′-benzoquinonyl)-1′′′-naphthyl]-1′′-phenyl)-1′-naph-
thyl]-10,20-diphenylporphyrin (1) in the 0.8 to -0.2 ppm region
highlighting the small change in H5’s chemical shift as a function of
temperature. Solvent) d6-DMSO.
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