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ABSTRACT: An unexpected side product of a McMurry reaction
was found to be a new [2.2]pyrenophane consisting of two pyrene
units with different substitution patterns as well as different types
and degrees of distortion from planarity. The new pyrenophane
exhibits both monomer and intramolecular excimer fluorescence.
Natural bond orbital (NBO) analysis revealed that there is an
intramolecular charge-transfer interaction from the more distorted
pyrene system to the less distorted one. The origin of the new
pyrenophane was traced back to an impurity that was present a full
five steps prior to the McMurry reaction from which it was
isolated. The pathway to the pyrenophane shadowed that of the
main synthetic route.

■ INTRODUCTION
Organic reactions seldom afford the desired product(s)
without the formation of byproducts or side products.1

Consequently, the separation of the various reaction products
is normally required and it is often the most time-consuming
part of completing a reaction. Isolating and identifying side
products requires effort, but it can provide valuable
information about the chemistry at hand and this, in turn,
can be used to identify superior reaction conditions, to
underpin the development of new reactions or even to spark
the pursuit of new research directions.
There are three main sources of side products in an organic

reaction: the starting material, the product, and impurities in
the starting material. With regard to the starting material, side
products originate from unanticipated competing reaction
pathways. “Follow-on” side products can form if the intended
product is reactive under the conditions of its formation.
Finally, the presence of one or more impurities in the starting
material can result in the formation of side products that, on
first inspection, are very surprising. The formation of side
products in this fashion is hardly remarkable, but it is quite
uncommon for an impurity to be carried through several steps
of a synthetic sequence, while not only undergoing appropriate
reactions at every step but also evading separation and/or
detection. Rarer still is when such a “shadow” synthesis delivers
a compound that is interesting in its own right. We report here
the isolation of a product of such a synthesis, a new
[2.2]pyrenophane.
The [2.2]cyclophanes, which consist of two aromatic

systems and two 2-carbon bridges, are one of the most
populous classes of cyclophanes.2 They have attracted broad
attention because the two aromatic systems are normally held

close to one another in a specific orientation. This enables the
study of how the two aromatic systems interact with one
another.
For any given pair of aromatic compounds, the relative

orientation of the two aromatic systems can be varied by
changing their respective bridging motifs. Starting with
benzene, only the (1,3) and (1,4) bridging motifs are possible,
which means that there are just three constitutionally isomeric
[2.2]benzenophanes, 1−3 (Chart 1). (The total of three
excludes ortho substituted benzene rings. The inclusion of
ortho substituted benzene rings brings the total to six.21) As
the arenes become larger, more bridging motifs become
available and this translates into more ways of orienting the
two arenes with respect to one another.3

In the case of pyrene, which is of broad interest due to its
applications in fluorescent molecules/materials4 and fluores-
cence-based sensing,5 there are 12 possible bridging motifs,3

which means that there are 78 possible constitutionally
isomeric [2.2]pyrenophanes. (For an arene with n available
bridging motifs, the number of possible combinations in a
[2.2]cyclophane is described by the triangular number Tn,
which is the sum of the integers from 1 to n.) In fact, only five
of them have been realized: (1,3)(1,3), (1,6)(1,6), (1,6)(2,7),
(1,8)(1,8), and (2,7)(2,7).3 From three of the systems that
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have been synthesized (4−6), it has been learned that excimer
formation (a very important characteristic of pyrene, upon
which much of its sensing behavior is based) is sensitive to
how the two pyrene systems are oriented with respect to one
another. The best planes of the two pyrene units in these
systems are more or less parallel, but twisted to varying
amounts with respect to an orthogonal axis. The 0° twist in
pyrenophane 4 appears to be best for excimer emission.6 This
compound exhibits a strong emission band centered at 540
nm. Pyrenophane 5,7 which has a 35° twist, also exhibits
excimer emission, but it is weaker and at higher energy (500
nm). Moving to pyrenophane 6 (60° twist),7 the emission is
again more intense, but is now observed at 440−450 nm,
which is typical of monomer emission. Although the
pyrenophanes 4−6 have revealed how the relative positioning
of two pyrene systems can have a strong influence on the
emission behavior, a deeper understanding of this phenomen-
on will require access to more than just three compounds.

■ RESULTS AND DISCUSSION
We recently reported the synthesis of 1,1,10,10-tetramethyl-
[10](2,11)teropyrenophane (12) as part of a study aimed at
the development of a general gram-scale synthesis of the
1,1,n,n-tetramethyl[n](2,11)teropyrenophanes.8a One of the
key C−C bond-forming steps was the intramolecular McMurry
reaction of [10.2](7,1)pyrenophanedialdehyde 7 to afford
triply bridged [10.2.2](7,1,3)pyrenophane 8 (Scheme 1). In
contrast to the analogous reactions of the next three lower
homologues, the reaction of dialdehyde 7 gave a cluster of
products with very similar Rf values. The desired pyrenophane
8 was isolated in pure form only after extensive chromatog-
raphy (at least 15 columns) to separate it from five closely
eluting side products. (The large-scale synthesis of teropyr-
enophane 12, which was the most problematic one of the
series,8a was performed on only one occasion.) Interestingly,
the set of side products exemplifies the different ways in which
side products can arise. Dimethylpyrenophane 9 comes from a
competing reaction pathway (reduction of the formyl groups in
7 instead of reductive coupling). Cyclophane-monoene 10 is
the product of an intramolecular McMurry reaction of a
regioisomer of 7, which must have been present as an impurity.

Dihydroteropyrenophane 11 arises from closure of the central
C−C bond in 8 under the conditions of its formation, and
teropyrenophane 12 is the product of dehydrogenation of 11.
The formation of both of these follow-on side products is
noteworthy in that they did not occur for the lower
homologues in the series (where the long bridge is 7−9
atoms in length) and that formal oxidation reactions
(dehydrogenations) took place under reductive conditions.
Identification of the final side product was less straightfor-

ward. APCI(+)-LC-MS analysis showed a strong peak at m/z =
455, which corresponds to [M + H]+ of a [2.2]pyreno-
phanemonoene (C36H22) without a long bridge. The absence
of high-field aliphatic signals in the 1H and 13C NMR spectra
supported this conclusion. In the 13C NMR spectrum, 34
signals in the range δ 119−136 ppm were observed, which is
consistent with the presence of two pyrene systems with
different substitution patterns (2 × 16C) and an alkene (2C).
The aliphatic region showed just two signals for a saturated 2C
(ethano) bridge. This ruled out dealkylation of 8. Dealkylation
of 10 was also ruled out by the absence of any ABC spin
systems in the aromatic region of the 1H NMR spectrum,
which spanned a very broad chemical shift range (δ 8.3−4.6)
(see below). Further analysis of the 1H NMR spectrum
pointed toward (1,6) and (1,8) substitution patterns for the

Chart 1. Some Benzene and Pyrene-Based
[2.2]Cyclophanes (1−6) with Different Bridging Motifs

Scheme 1. Compounds Isolated from the Intramolecular
McMurry Reaction of [10.2]Pyrenophanedialdehyde 7
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two pyrene systems, which left [2.2](1,6)(1.8)pyrenophane-1-
monoene 13 as the only possible structure (Supporting
Information). COSY and NOESY experiments were then
used to assign most of the protons, which were very close to
calculated values (GIAO/B3LYP/6-311+G(2d,p) level of
theory, Supporting Information). The structure was then
unambiguously determined using X-ray single crystal diffrac-
tion (XRD) analysis (Figure 1). The origin of this side product
is discussed in detail below.

In the crystal, the 1,8-disubstituted ring of 13 is bent out of
planarity, but only marginally (Figure 1). The bend angle θ9

(the smallest angle formed between the planes defined by
atoms [C3, C4, C16] and atoms [C11, C12, C13]) is just 9.7°.
This value is substantially smaller than that of the pyrene unit
in 1,12-dioxa[12](2,7)pyrenophane (θ = 34.6°),10 which
houses the least bent pyrene system of any reported
[n](2,7)pyrenophane. More substantial distortion from
planarity is present in the 1,6-disubstituted pyrene system. In
this case, the (1,6) bridging motif causes a longitudinal twist
and a diagonal bend. The diagonal bend can be quantified
using an angle analogous to θ. Like θ, each plane is defined by
a set of three atoms, which includes the bridgehead carbon
atom and the two flanking atoms in the pyrene system to
which it is bonded. To differentiate these angles, they can be
referred to as θ2,7 and θ1,6. Thus, the angle θ1,6 in 13 is the
smallest angle formed between the planes containing atoms
[C21, C22, C34] and atoms [C27, C28, C29] and its value is
44.0°. This is substantially larger than the corresponding values
in [10](1,6)pyrenophane (14) (27.3°)11 and the more
elaborate (1,6)pyrenophane 15 (17.4°)12 (Chart 2).
Pyrenophane 13 is chiral by virtue of the (1,6) bridging

motif in one of the pyrene systems. The space group (C2/c) is
centrosymmetric. Adjacent molecules in the packed unit cell

have opposite configurations (Figure S3), and close supra-
molecular C−H···π interactions between neighboring mole-
cules lead to a chain-like arrangement (Figures S5, S6) with H-
to-centroid distances ranging from 2.74 to 3.04 Å (Table S1).
The degree of twist can be quantified by examining the

dihedral angles along the benzylic-to-benzylic pathway through
the center of the pyrene system (Table S2). Increasing
deviation of these angles from 180° is a reflection of increasing
twist in the pyrene system. For 13, the dihedral angles along
the [C20, C21, C34, C35, C36, C27, C28, C1] pathway are
−153.0°, 159.0°, −158.9°, 159.7°, and −150.7°. The deviation
from 180° ranges from 20.3° to 29.3°, and the average value is
23.8°. By comparison, the deviation from 180° in [10](1,6)-
pyrenophane (14) spans a range of 9.5° to 20.1° and has an
average value of 14.1°. In 15, the range is 5.9° to 20.0° and the
average is 10.8°. Alternatively, two twisted naphthalene units
(rings AB and rings CD) can be identified within the 1,6-
distubstituted pyrene system and their twist angles can be
considered.13 The twist angles for the AB and CD naphthalene
systems are 16.9° and 18.2°, respectively. Thus, the degree of
twist is significant. The naphthalene twist angles for 14 and 15
were not reported, but have now been determined using the
original data to be substantially lower than those in 13 (9.7°
and 9.5° for 14; 7.5° and 4.3° for 15). On the other hand, the
values for 13 are well short of those observed in more highly
strained systems such as 1,7-dioxa[7](2,7)pyrenophane (16,
37°)14 and [2](6,1)naphthaleno[1]paracyclophane (17,
35.1°)15 both of which required powerful aromatization-
based methods for their synthesis.
The slipped stacking arrangement of the two pyrene systems

in 13 means that one edge of each of the pyrene systems lies
over the face of the other (Figure 1, right). Consequently,
these protons are observed at unusually high field in the 1H
NMR spectrum (Figure 2). The highest field signals are

observed for the protons attached to the K-region located
between the two bridgeheads of the 1,8-disubstituted pyrene
system, which appear as an AX system at δ 5.22 and 4.64 ppm
(J = 9.5 Hz). The shielded edge of the 1,6-disubstituted pyrene
appears as an AX system at δ 7.03 and 6.17 ppm (J = 9.0 Hz)
for the K-region and another AB system δ 6.26 and 6.16 ppm
(J = 7.7 Hz). The alkene protons are observed as an AB system
at δ 7.45 and 7.18 ppm with an unusually large coupling
constant for a Z-configured alkene (J = 13.2 Hz). This large
value may be related to some combination of the rather low
dihedral angles between the alkene and the two pyrene systems

Figure 1. Two views of pyrenophane 13 from the crystal structure,
represented with 50% probability ellipsoids. Crystallographic
numbering is shown. CCDC 2034879.

Chart 2. Comparison Compounds 14−17a

aA twisted naphthalene unit in each molecule is colored red.

Figure 2. Aromatic and aliphatic regions of the 300 MHz 1H NMR
spectrum of pyrenophane 13 in CDCl3.
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to which it is attached (deviation from 90° = 37.9°−49.0°), or
the very large C−CC bond angles of the alkene bridge
(134.2° and 128.7°). Four signals are observed for the aliphatic
bridge protons, which indicates that there is no interconversion
between enantiomers via ring flipping at room temperature.
Simple inspection of molecular models suggests that this would
be an exceedingly high energy process. The bridge proton H1b
(Figure 1, right) resonates at much lower field (δ 4.32 ppm)
than the other three (H1a at δ 2.97 ppm, H2a at δ 3.12 ppm,
H2b at δ 3.18 ppm). The low field shift is presumably due to
steric deshielding arising from its close contact (2.12(2) Å) to
the peri- proton C29(H) (NOE cross peak). The proton H2b
has a similar peri- contact to C15(H) (2.18(2) Å), but the
steric deshielding here appears to be counteracted by shielding
from the opposite pyrene system. Examination of the gauche
coupling constants within the aliphatic bridge (J(H1a−H2a) =
5.3 Hz, J(H1b−H2a) = 2.3 Hz, J(H1b−H2b) = 4.7 Hz,
Supporting Information) suggests that the solution structure
of 13 is close to the crystal structure. In the crystal structure,
the C28−C1−C2−C3 dihedral angle (51.5°) reveals a small
deviation from perfect staggering, which means that the H1b−
C−C−H2a dihedral angle should be closer to 90° than the
other gauche relationships and J(H1b−H2a) should therefore be
the smallest.
The absorption spectrum of 13 in chloroform shows a long-

wavelength absorption tail ranging from 390 to 550 nm, along
with three significant absorption bands at 358, 343, and 278
nm (Figure 3). According to TD-DFT calculations (Table S4),

the low-energy absorption bands in the UV−vis spectrum of
13 are mainly due to the electronic transitions among the
frontier molecular orbitals of 13. The experimentally observed
long-wavelength absorption tail matches the calculated
HOMO to LUMO transition at 420 nm, while the intense
absorption bands at 358 and 343 nm in the UV−vis spectrum
agree well with the TD-DFT calculated HOMO−1 to LUMO
and HOMO to LUMO+1 transitions, respectively (Figure 4).
The fluorescence spectrum of pyrenophane 13 shows two

emission bands at 439 and 559 nm. The first emission band
(439 nm) can be assigned as the S1 to S0 transition. Due to the
difficulty in determining the exact λmax value for the long-
wavelength absorption tail in the UV−vis absorption spectrum,
the Stokes shift of 13 cannot be precisely calculated.
Nevertheless, the significant spectral overlap between the

long-wavelength UV−vis absorption tail and the first emission
band in the fluorescence spectrum suggests a small Stokes shift
and hence a high degree of structural similarity between the
first excited state (S1) and the ground state (S0). This outcome
is consistent with the apparent structural rigidity of cyclophane
13. The long-wavelength emission band at 559 nm appears to
be broader and weaker than the first emission band at 439 nm.
This band can be reasonably attributed to the characteristic
emission of the pyrene excimer.16 Since lowering the
concentration of 13 (from 10−5 to 10−6 M) did not result in
significant attenuation of this band, the pyrene excimer is likely
formed intramolecularly given the close distance and partial
ring overlap between the two pyrene units in the structure of
13. The relative fluorescence quantum yield (ΦF) of 13 was
determined to be 4.4% in chloroform. It is possible that the
significant intramolecular interactions between the two pyrene
units in 13 (see below) facilitate nonradiative decay, which in
turn result in a low degree of emission efficiency. The
excitation spectra monitored at 470 and 550 nm (Figure S10)
support the notion that both emission bands are intrinsic to
the molecule, but also point toward more complex behavior in
the excitation manifold. More detailed study of this behavior is
warranted.
The electrostatic potential map of 13 reveals that both of the

pyrene systems bear a greater accumulation of π-electron
density on the outer surface than on the inner surface (Figures
4C, S7). This is presumably due to electronic repulsions
between the inner surfaces of the two π systems where they are
held close to one another. The largest negative potential point
on the outer face of the 1,8-disubstituted pyrene unit has a
larger value (−17.2 kcal/mol) than that of the outer face of the
1,6-disubstituted pyrene unit (−16.8 kcal/mol). The two
pyrene systems also feature outer edges with larger positive
potentials than their inner edges, but it is now the 1,6-
disubstituted pyrene unit that has the greater largest positive
potential point (+18.9 kcal/mol vs +16.8 kcal/mol). The
combination of negatively charged outer surfaces and positively

Figure 3. UV−vis absorption (blue trace) and fluorescence (red trace,
λexc = 345 nm) spectra of pyrenophane 13 measured in chloroform.

Figure 4. (A) Contours (isovalue = 0.03 au) and eigenvalues (in eV)
of the frontier molecular orbitals for pyrenophane 13. TD-DFT
calculated absorption wavelengths are indicated. (B) TD-DFT
simulated UV−vis absorption spectrum of 13. (C) Molecular
electrostatic potential map of 13 with maximum and minimum
potential points (kcal/mol) indicated. All calculations performed at
the CAM-B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) level of theory.
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charged outer edges likely promotes the prominent edge-to-
face interactions observed in the crystal structure (Figure S5).
Interestingly, in the crystal, the outer edges of each type of
pyrene unit interact only with outer surfaces of the same type,
i.e. (1,6) with (1,6), and (1,8) with (1,8).
Using NBO analysis, three distinct through-space inter-

actions between a π bonding orbital located on the more
distorted 1,6-disubstituted pyrene unit with a π* antibonding
orbital on the less distorted 1,8-disubstituted pyrene were
identified (Figure 5). The total delocalization energy (E(2))

arising from these donor−acceptor orbital interactions was
calculated to be 2.29 kcal/mol. In addition to the through-
space orbital interactions between the two pyrene units, the
1,6-disubstituted pyrene was found to contribute a π orbital
interacting with the πC=C* antibonding orbital of the alkene
bridge (E(2) = 8.32 kcal/mol), while a π orbital of the 1,8-
disubstituted pyrene shows hyperconjugative interaction with
the σC−C* of the ethano bridge (E(2) = 3.14 kcal/mol) (Figure
S8). Overall, the orbital interactions suggest the occurrence of
charge transfer from the 1,6-disubstituted pyrene system to the
1,8-disubstituted pyrene system, which may explain the
differences in electrostatic potential between the outer surfaces
and outer edges of the two pyrene systems.
To further examine the charge transfer properties in

pyrenophane 13, natural population analysis (NPA) was
carried out. The 1,6-disbustituted pyrene unit possesses a
total NBO charge of +0.07, while the 1,8-disbustituted pyrene
unit shows a total NBO charge of −0.037. The different
amounts of charge distributed on the two pyrenyl groups also
point to a mild degree of charge transfer from the bent and
twisted 1,6-disbustituted pyrene system to the relatively flat
1,8-disbustituted one.
Dipole moment analysis also supported the existence of

intramolecular charge transfer. The net molecular dipole
moment of 13 was calculated to be 1.094 D, and its direction
coincides with the alignment of donor-to-acceptor bonds
shown in the NBO analysis (Figure 6). The 1,6-disbustituted
pyrene contributes a dipole moment of 0.263 D, which is
roughly perpendicular to its best plane and points toward the
1,8-disbustituted pyrene system beneath it. The 1,8-disub-
stituted pyrene unit contributes a dipole moment of 1.001 D.
The vector of this dipole is on the pyrene surface and

perpendicular to the nodal direction (2,7-positions). The
molecular dipole includes contributions from the two bridges
in addition to those from the two pyrene systems.
With regard to the origin of [2.2]pyrenophane 13, it can be

traced back to the synthesis of dipyren-2-ylalkane 20, which
was accomplished via a Friedel−Crafts alkylation reaction of
pyrene (18) using dichloride 19 (Scheme 2). The reaction was
performed using dichloride 19 and a 10-fold excess of pyrene
(18, 219 g) to suppress the formation of linear oligomers. The
desired product 20 (54%) was separated from roughly 196 g of
unreacted pyrene using column chromatography. A small
amount of pyrene in the sample of 20 is what appears to have
served as a starting material for the synthesis of 13 via a route
that shadowed the five-step sequence of reactions leading from
20 to cyclophane-monoene 8 (via dialdehyde 21, [10.2]-
cyclophane 22 and dialdehyde 7).
In the “shadow” synthesis, (Although the concept is surely

not new, we suggest the name “shadow synthesis” and the
following definition: a shadow synthesis is one in which an
impurity in a starting material or synthetic intermediate in a
synthetic sequence is carried through more than one step of
that sequence while undergoing appropriate chemistry at every
stage and evading separation until it is isolated.) Rieche
formylation of pyrene (18) presumably afforded pyrene-1-
carboxaldehyde 23.17 Reduction would then have led to 1-
(hydroxymethyl)pyrene, self-reaction of which in the sub-
sequent iodination / Wurtz coupling protocol would have
furnished 1,2-dipyren-1-ylethane (24). Considering that this
compound is the homocoupling product of a minor
component of a mixture, it is counterintuitive that any of
this compound should form. The implied success of the Wurtz
coupling leading to 24 may be a consequence of it being an
intermolecular reaction, while the one leading to 22 is
intramolecular. If the rate of the intramolecular reaction was
substantially faster than any competing intermolecular
reactions (including crossed Wurtz couplings), then the
major component of the reaction mixture would have been
quickly depleted, thereby providing a more favourable
environment for the homocoupling of the minor component
leading to 24. Rieche formylation of 24 could conceivably give
several dialdehydes arising from reaction at the 3, 6 and 8
positions of the two pyrene systems. 1-Substituted pyrenes are
known to undergo electrophilic aromatic substitution reactions
preferentially at the 6 and 8 positions, with a slight preference
for the 6 position.18 Thus, at any point up to a 2:1 preference
for the 6 position, the most abundant dialdehyde arising from
24 would be 25. (If the relative rates of reaction of the 6 and 8

Figure 5. Plots of natural bond orbitals (isovalue = 0.03 au) showing
three donor−acceptor orbital interactions between the two pyrene
units in pyrenophane 13. Top: viewed from the side, and bottom:
viewed from the top. Calculated at the M06-2X/Def2SVP//B3LYP/
6-31G(d) level of theory.

Figure 6. Dipole moments contributed from the entire molecule
(green arrow), 1,6-disubstituted pyrene (yellow arrow), and 1,8-
disubstituted pyrene (red arrow). Left: viewed from the side, and
right: viewed from the top. Calculated at the M06-2X/Def2SVP//
B3LYP/6-31G(d) level of theory.
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position are 1:1, the distribution of the (1,6)(1,6), (1,6)(1,8)
and (1,8)(1,8) products is 1:2:1. If the relative rates of reaction
of the 6 and 8 position are 2:1, the distribution of the
(1,6)(1,6), (1,6)(1,8) and (1,8)(1,8) products is
44.4:44.4:11.1.) Intramolecular McMurry reaction of 25
leads directly to 13.
Perhaps the most noteworthy features of the shadow

synthesis of 13 is the number of steps (five) through which
synthetic intermediates were not detected or separated
(including chromatographic purifications of 21, 22, and 7).

(Small peaks corresponding to pyrene (18), pyrene-1-
carbaldehyde (23), and 1-(hydroxymethyl)pyrene (not
shown) were observed in the LCMS and HRMS spectra of
20, 21 and its reduction product (not shown), respectively.
These signals are most likely due to the presumed impurities,
but could also arise from retro-Friedel−Crafts t-alkylation of
the main compounds in the instrument.) To date, we have not
found any other example of a shadow synthesis of this length.
The success of the McMurry reaction in generating 13 is also
interesting because this methodology has a long track record of
performing poorly in the synthesis of [2.2]cyclophanes that
have even a moderate amount of strain.18,19 In this regard, it is
noteworthy that the orbital interactions discussed above offer a
significant degree of stabilization to the structure of
pyrenophane 13 and this stabilization may have contributed
to the success of this particular McMurry reaction. The
calculated (M06-2X/Def2SVP//B3LYP/6-31G(d)) strain en-
ergy of 13 is 14.4 kcal/mol (Supporting Information). (The
value calculated at the B3LYP/6-31g(d) level of theory (21.1
kcal/mol) is 47% higher. The use of the M06-2X functional
includes dispersion, so it gives more reliable values for strain
energies.22) The clear implication is that analogous reactions
leading to [2.2]pyrenophanes with other new bridging motifs
may also fare well. Furthermore, the synthetic strategy of using
a Wurtz coupling to form the first bridge and then an
intramolecular McMurry reaction to form the second might
prove to be generally applicable to [2.2]cyclophanes with
aromatic systems larger than benzene. To test this, the first
action would be to intentionally synthesize 13 using the
shadow pathway. This could be followed by work aimed at the
synthesis of other [2.2]pyrenophanes and/or PAH-based
[2.2]cyclophanes.

■ CONCLUSION
The isolation of pyrenophane 13 from the McMurry reaction
of dialdehyde 7 was surprising because it could not possibly
have originated from the starting material or any of the
possible side products arising from the previous reaction. Its
genesis was eventually traced back to an impurity that was
present at a much earlier stage in the synthetic sequence. This
impurity (pyrene) must have been carried through five
synthetic steps and not only have undergone appropriate
chemistry that shadowed the chemistry of the major
compound but also evaded separation. The success of the
shadow synthesis suggests that the Wurtz coupling/intra-
molecular McMurry strategy may be more widely applicable to
the synthesis of PAH-based [2.2]cyclophanes. The two
differently substituted pyrene systems in 13 are distorted in
different ways and to quite different extents. The 1,8-
disubstituted pyrene is very gently bent out of planarity,
while the 1,6-disubstituted pyrene is bent and twisted to a
greater extent than in all previously reported (1,6)-
pyrenophanes. Pyrenophane 13 was found to exhibit dual
monomer/excimer emission, albeit relatively weak. More
significantly, NBO analysis, NPA, and dipole moment analysis
all pointed toward the presence of intramolecular charge-
transfer interactions between the bent and twisted 1,6-
disubstituted pyrene unit and the nearly planar 1,8-
disubstituted pyrene unit. This raises the intriguing possibility
that distortion from planarity might prove to be a means to
induce charge transfer between two otherwise electronically
similar π systems. Further investigation of this issue is
warranted. Finally, the differences in electron density between

Scheme 2. A Portion of the Planned Synthetic Pathway En
Route to Teropyrenophane 12 and the Shadow Route from
Pyrene (18) to Pyrenophane 13
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the two edges of each pyrene system suggests that 13 may
exhibit unusual regioselectivity in its electrophilic aromatic
substitution chemistry.

■ EXPERIMENTAL SECTION
General. 1H, 13C, and 2-D NMR spectra were recorded using

CDCl3 solutions at 300 MHz (75 MHz for 13C) on a Bruker
AVANCE III multinuclear spectrometer with a BBFO probe. All
NMR spectra are referenced to Me4Si (δH = 0.00 ppm) and CDCl3
(δH = 7.26 ppm). Structural assignments were made with additional
information from gCOSY and gNOESY experiments. LCMS data
were obtained using an Agilent 1100 series LC/MSD instrument, and
high resolution mass spectroscopic data were obtained using an
Aglient 6200 series Accurate-Mass-Time-of-Flight instrument. UV−
vis absorption analysis was conducted on a Cary 6000i spectropho-
tometer. A sample of 13 was dissolved in chloroform and measured
with a 1 cm quartz cuvette at room temperature. Fluorescence spectra
were measured on a Photon Technology International (PTI)
QuantaMaster spectrofluorometer. The relative fluorescence quantum
yield (ΦF) was measured following reported procedures,20 with
quinine sulfate (ΦF = 0.546) as the standard. Single crystal X-ray data
were collected on a Bruker Apex II Diffractometer equipped with an
Apex II CCD detector, using Mo X-ray radiation. Crystals of 13 were
obtained from slow evaporation of a dichloromethane/hexanes
solution.
Cyclophane 138a (5 mg) was obtained as a brown solid: Rf = 0.36

(10% dichloromethane/hexanes); 1H NMR (300 MHz, CDCl3) δ
8.29 (d, J = 9.2 Hz, 1H), 8.26 (d, J = 7.9 Hz, 1H), 8.20 (d, J = 9.1 Hz,
1H), 8.02 (dd, J = 7.9, 0.6 Hz, 1H), 8.01 (d, J = 8.0 Hz, 1H), 7.96 (d,
J = 7.9 Hz, 1H), 7.86 (s, 2H), 7.84 (dd, J = 8.0, 0.6 Hz, 1H), 7.63 (d, J
= 7.9 Hz, 1H), 7.47 (d, J = 13.2 Hz, 1H), 7.20 (d, J = 13.2 Hz, 1H),
7.03 (d, J = 9.0 Hz, 1H), 6.26 (d, J = 7.7 Hz, 1H), 6.17 (d, J = 9.2 Hz,
1H), 6.16 (d, J = 7.3 Hz, 1H), 5.22 (d, J = 9.5 Hz, 1H), 4.64 (d, J =
9.5 Hz, 1H), 4.32 (ddd, J = 12.7, 4.6, 2.3 Hz, 1H), 3.18 (ddd, J = 12.4,
12.4, 4.7 Hz, 1H), 3.12 (ddd, J = 12.7, 5.2, 2.2 Hz, 1H), 2.98 (ddd, J =
12.3, 12.3, 5.3 Hz, 1H); 13C{1H} NMR (75 MHz, CDCl3) δ 135.0,
134.2, 133.0, 132.1, 130.8, 130.1, 129.3, 129.1, 128.9, 128.8, 128.5,
128.3, 128.2, 128.0, 127.7, 127.2, 127.0, 126.8, 126.6, 126.2, 126.2,
125.9, 125.2, 125.0, 124.9, 124.5, 124.2, 124.2, 124.0, 123.6, 122.0,
121.7, 119.6, 37.6, 31.6; LCMS (CI-(+)) m/z (rel. int.) 457 (6), 456
(42), 455 ([M + H]+, 100); HRMS (APPI) m/z [M + H]+ calcd for
C36H23 455.1782; found 455.1851.
A yield for 13 (and the other side product 10) could not be

calculated because the mass of its presumed direct synthetic precursor
25 in the sample of 7 was not determined. For context, 3.01 g of
dialdehyde 7 were used in the McMurry reaction from which 13 was
isolated. Following extensive chromatography, 320 mg (12%) of the
desired product 8 were obtained along with 80 mg (3%) of the
reduced product 9, 74 mg of the side product 10, 55 mg (2%) of the
follow-on product 11, and 3 mg of the follow-on product 12 (0.1%).
Thus, the amount of 13 (5 mg) obtained most closely resembles that
of 12.
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