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Abstract: The syntheses and characterization of a series of saturated ladd&ratigsmers of 1,3-cyclobutadiene-
1,2-dicarboxylate diesters with pendant 2-naphthyl groups, are described. Absorption and fluorescence spectra provide
evidence for a ground state through-space interchromophore interaction that becomes stronger with an increasing
number of pendant aryl groups. A new fluorescence bangk & 303 nm) observed in the tetram@c| and pentamer

(3d) as blue-shifted from the monomet.{;x = 335 nm) was assigned as emission from an imperfectly stacked
chromophore array. Nonexponential fluorescence decays of all four oligomers, obtained by single photon counting,

are accommodated well by conformations attained from

a molecular mechanics geometry optimization. In the solid

state, the monomeric precursor of the family, tricarbonyl[di-2-naphthylmethyl 1,%;3,8-cyclobutadiene-1,2-

dicarboxylate]iron 2), exists as highly stable channel so

Introduction

Much effort has been directed recently toward the syntheses
of organic soluble, unsaturated ladder polymers because of thei
promising electronic propertiég. In contrast, only a few
representatives of chromophore-appended, fully saturated rigid
ladder polymers (ladderanes) have been stu#fetHowever,
these rigid, fully saturated backbones would be useful scaffolds
onto which antenna chromophores might be affixed. The
resulting oligomers and polymers would provide interesting
modes for understanding long distance interchromophore in-
teractions along a fixed framework>~7

Multifused cyclobutane rings possess several promising
properties as key components for such rigid architectures, and
it has been speculated that analogous

R
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ladderanes might be used in future molecular optoelectronic
devicess10 Based on recent progress in synthesizing the higher
ladderane$,we here report the syntheses and characterization
of a series of ladderane oligomessin which pendant aryl

groups are used as probes for conformational rigidity and for
interchromophore electronic interactions (Scheme 1). We also

r

Ivate under ambient conditions.

members of this series (illustrated here waith) that one face

of the polymer chain will be decorated with the aryl groups,
whereas the other will resemble a simple polyvinylene. We
will be interested in the future whether these faces, with quite
different physical characteristics, might provide interesting
macromolecular properties, combining characteristics of two
classes of commercially important polymers.

Experimental Section

General. Melting points were measured by a Melt-temp apparatus
(uncorrected). Infrared spectra were recorded on a Nicolet 510P FT-
IR spectrometer. Nuclear magnetic resonance (NMR) spectra were
recorded on a General Electric GN-500 (500 MHz) spectrometer or a
Bruker AC-500 (500 MHz) or a Bruker AC-250 (250 MHz) spectrom-
eter. Chemical shifts are reporteddagalue relative to internal solvent
or TMS. High-resolution mass spectra were recorded on a VGZAB2-E
(VG Analytical LTD., Manchester, U.K.) mass spectrometer. Fast atom
bombardment (FAB) mass spectra were performed on a Finnigan TSQ
70 instrument with the sample in a 3-nitrobenzyl alcohol (NBA) matrix.
The X-ray data were collected at 183 K on a Siemens P4 diffractometer,
equipped with a Nicolet LT-2 low-temperature device and using a
graphite monochromator with Mo & radiation ¢ = 0.71073 A).
Absorption spectra were recorded on a Hewlett-Packard 8451A diode
array spectrophotometer. Fluorescence spectra were recorded on a SLM
Aminco SPF-500C spectrofluorometer. Fluorescence quantum yields
Dk (Aex = 280 nm) were measured by comparing the integrated emission
intensity with that of 1-naphthol standard®g = 0.21)!' Extinction

describe the steady state absorption, excitation, and emissiorcoefficients €) were determined from Beer’s law. Single photon

characteristics of this family, as measured by single photon
counting. We note in passing that with higher molecular weight

® Abstract published ifAdvance ACS Abstract®yovember 1, 1996.
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counting experiments were performed at the Center for Fast Kinetics
Research at the University of Texas at Austin.

Samples used for all spectroscopic measurements were purified by
thin layer chromatography and were analytically pur®9%). NMR
and high-resolution mass spectra were consistent with the assigned
structures (see Supporting Information). The optical densities of all
sample were kept between 0.1 and 0.2 (aboutll0°to 4 x 105 M
naphthyl chromophore in degassed spectral grade THF) to avoid
aggregation and other intermolecular interactions. For single photon
counting experiments, degassed THF solutions of the probe molecule
at room temperature were excited at 286 nm and monitored at 335
nm.

Materials. Anhydrous THF was freshly distilled from Na/ben-
zophenone under N Dry acetone was obtained by distillation from

(11) Aspler, J. S.; Hoyle, C. E.; Guillet, J. Blacromolecule4978 11,
925.
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Scheme 1.Syntheses of Rigid Saturated Ladderanes Bearing Attached Arenes
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KMnO,4 and again from anhydrous CagODeoxygenation of solvent [3]-Ladderane (3a): Absorption (THF)Amax (¢ x 107%) 228 (285),
was accomplished by at least 5 freeprimp—thaw cycles. Air- and 272 (22.4) nme = 0.003.

sensitive compounds were handled in a He-filled drybox. All other [5]-Ladderane (3b): Absorption (THF)Amax (6 x 1073) 228 (426),
chemicals and dry solvents were purchased from Aldrich and were usedand 272 (33.8) nmgg = 0.005.
as received. [7]-Ladderane (3c): Absorption (THF)Amax (¢ x 1073) 228 (511),
Synthesis. Tricarbonyl[1,2,3,45-1,3-cyclobutadiene-1,2-dicarbonyl  and 272 (39.1) nm¢pr = 0.007.
chlorideliron ()*? was esterified with 2-naphthylmethanol. Oxidative [9]-Ladderane (3d): Absorption (THFAmax (e x 1073) 228 (579),
polymerization with ceric ammonium nitrate (CAN) gave oligomers and 274 (457) nm¢ = 0.008.
3a—d. 2-Naphthalenylmethyl Trimethylacetate (4). Over a period of 10
Tricarbonyl[di-2-naphthylmethyl 1,2,3,4-5-1,3-cyclobutadiene- min, trimethylacetyl chloride (0.5 g, 4.6 mmol) was added to a solution
1,2-dicarboxylatefiron (2). 2-Naphthalenemethanol (1.6 g, 10 mmol)  of 2-naphthalenemethanol (0.5 g, 3.2 mmol) in dry THF (10 mL) with
in minimal dry THF was added to a solution of bis(acid chloride) pyridine (1 mL), which was maintained at°@ by immersion in an
(300 mg, 0.95 mmol) in 6.0 mL of dry pyridine. After standing for 15 jce—water bath. After the addition was complete, the mixture was
min, the reaction mixture was heated 15 min at°&0 Water was warmed to 25C and stirred for 1 h. Water was added and the mixture
then poured into the reaction mixture, and the mixture was extracted was extracted with ether. The ether extract was washed with HCI (0.1
with ether. The extract was dried (anhydrous Mggkd@iltered, and N), NaHCQ (saturated), and NaCl (saturated) and dried over MgSO
evaporated under vacuum, and the residue was chromatographed offanhydrous) After removal of solvent, the residue was chromotagraphed
neutral alumina with benzene and benzeather as eluents. Asecond  on a silica gel column using ethyl acetateexane mixture as eluent.
chromatographic purification (on silica gel eluted with benzene), After removal of solvent under vacuum, puée 0.53 g (68%), was
followed by recrystallization from benzernéexane, gave 0.23 g (42%)  obtained as a slightly yellow oil: absorption (THE}ax (¢ x 1073)

of pure 2 as yellow needles: mp 146148 °C; FT-IR (KBr) 2066, 228 (84), and 274 (5.6) nmipr = 0.12.
2002, 1995, 1983, and 1730 cin
Syntheses of ii]-Ladderanes (3). A thick slurry of 2 (150 mg, Results and Discussions
0.27 mmol) and ceric(lV) ammonium nitrate (0.73 g, 1.34 mmol) in a
minimal amount of dry acetone was stirred #t@for 3—4 h. Water Synthesis and Characterization. Treating the bis(acid

was added and the mixture was extracted by,Cld Solvent was chloride) 1 with 2-naphthalenemethanol in the presence of
removed from the residue to give a yellow oil. Dimer [3]-ladderane pyridine afforded2 as yellow crystals, Scheme 1. Oxidative
(3a) and trimer [5]-ladderanesp) co-eluted upon chromatography on  decomposition of by ceric ammonium nitrate (CAN) released
silica gel with chloroform-hexane mixture as eluent. Separation of free 1 2-disubstituted cyclobutadiene which then participated
3a and3b was obtained by repeated chromatography on preparative ;, 5n EMO-controlled Diels Alder reactiof to give dimer3a,

TLC eluted by ethyl acetate:hexane (3:7), which afforded 54 mg of trimer 3b. tetramer3c. and pentameBd. High concentrations
pure [3}-ladderane3) (33%) and 48 mg of pure [5]-ladderanahj of the élurry of th,e moFr)lomer deﬁvedg fro@ and low

(29%). When the same reaction (220 mg2p0.40 mmol) was run at . .
~20 °C, followed by the same workup as above except elution in €Mperatures favored higher ladderane formation, as had been

preparative TLC by 1-2% acetone in @El,, 14 mg (7%) of tetramer ~ ShOwn by previous studies with simpler mononfethie same
[7]-ladderane c) was isolated in addition t8a and3b. When the reaction was run at 0;-20, and—46 °C followed by —20 °C
same reaction (670 mg & 1.2 mmol) was repeated a46 °C for 6 in order to access to the higher ladderane oligomers. The low-
days, followed by—20 °C for 1 month, 15 mg (2%) of pentamer temperature approach was marred by the very slow rate of
[9]-ladderane §d) was isolated after repeated column chromatography reaction (about a month at the lowest temperature). Attempts

(silica gel) and preparative TLC using 3% acetone in,Ckias an to crystallize the ladderanes failed because of their polymer-
elutant, in addition to larger quantities 88, 3b, and3c. like properties.

(12) Berrens, G.; Kaplan, F.; Rimerman, R.; Roberts, B. W.; Wissner, Thg StrUCt_ural aSSigr‘ments fBa—d are based on expected
A. J. Am. Chem. S0d.975 97, 7076. chemical shifts, coupling constants, and COSM-{'H and
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Figure 1. 13C NMR (CDCk, 500 MHz) spectra (aliphatic backbone regionsBaf-d.
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Figure 2. Mass spectrum (FAB, NBA) of the oligom& reaction mixture obtained at the lowest temperature.

IH—-13C) spectra. In the region between 35 to 62 ppm in the correspondto 2, 3, 4, 5, 6, 7, 8, 9, 10, and 11 monomer repeat
13C NMR spectrum, dimeBa has four characteristic aliphatic  units, respectively® However, attempts to separate the higher

ring carbon peaks, trimeb has eight, tetramedc has twelve, ladderane oligomers 11) by preparative TLC failed because
and the pentamedd has sixteen (Figure 1). Two of the carbon of the very low yields of those higher oligomérs.
peaks corresponding to the aliphatic ring carbor@doverlap X-ray Crystal Structure Determination of 2. Crystals grew

at 46.94 ppm as a result of the diminishing effect of the as yellow blocks by slow evaporation of solvent from a CPCI
asymmetry of the initiator end. The three-dimensional structures solution in an NMR tube. The data crystal was a prism with
of 3a—d were confirmed byH NMR spectroscopy employing  approximate dimensions 0.260.33 x 0.38 mm. X-ray crystal
Nuclear Overhauser (NOE) experiments to establish the indi- analysi$* revealed tha?2 and CDC} form a 1:1 solvate complex
cated spatial relationships. and lie on a crystallographic mirror plane st,, z The

FAB mass spectroscopy (Figure 2) clearly showed that dihedral angle between the two 2-naphthyl rings is 53.8he
ladderane oligomers containing up to eleven repeating units hadCDClI; solvate appears to be encapsulated by the 2-naphthyl
been synthesized at the lowest temperature. The peaks at 841, (13) (M + H)*, (M + Na)', and (M+ Cs)' are directly observed instead
1261, 1704, 2235, 2655, 3076, 3496, 3917, 4337, and 47590f M+,
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In this solvate complex, the 2-naphthyl rings bend toward GDCI
along G—Cyo with a small but significant dihedral angle of
3.6 +£ 0.3, which is a strong and direct indication of a weak
intermolecular interaction between a chlorine atom and the
aromatic naphthalene ring, most probably of charge-transfer
character. Therefore, we conclude that the 2-naphthyl groups
contribute significantly to the stability of the solvate co-
crystal: this crystal showed no deterioration or solvent loss
under ambient laboratory conditions for 6 months and could
withstand several cycles of evacuation. One set of sta2ked
aligned antiparallel to those of the other set, thus canceling any
net dipole. This packing morphology might be useful for
designing controlled, well-ordered, and predictable solid state
organic crystald®

Molecular Modeling of the Conformations of 3a—d.
Figure 5 shows the calculated optimal structure3asfd (stick-
rod model, top; space-filling model, bottom) obtained by
minimization using force field mechanics within the Cache
program (Cache Scientific, Version 3.8) at the MM2 level with
3000 iterations per structure. The end-to-end lengths of these
ladderanes are estimated to be 11 A3ar 21 A for 3b, 24 A
for 3c, and 26 A for3d. The end-to-end length of the
cyclobutane ring skeleton is about 3.0 A s, 5.8 A for 3b,
8.5 A for 3c, and 11.3 A for3d. Therefore, this family of
2-naphthyl-labeled ladderanes can be thought of as nanometer-
sized chromophore-labeled supramolecular clusters. Upon
increasing the chromophore loading frd@a to 3d, the chro-
mophores at the center of the ladderanes are forced to adopt an
imperfect quasi-face-to-face stacking conformation, Figure 5.
The backbone rigidity makes it difficult to attain in these
intramolecular interactions the optimal geometry observed for
freely diffusive intermolecular excimers or excited state dimers.

Photophysics Studies of Oligomers 3ad and Model
Compound 4. The absorption maxima (Figure 6) 88—d are
essentially identical, with maxima at 228 nm and around 272
nm. Because of the different number of chromophores in these
ladderanes, only the normalized extinction coefficierdsaof
the 2-naphthyl'B, (228 nm) andL, (~270 nm) bands are
compared (Figure 7A). The individual 2-naphthyl chro-
mophores o8aand3b in the ground state are nearly identical,
whereas the extinction coefficients decrease gradually 8bm
Figure 4. Stereoscopic representation of crystqtomplex 1:1 with to 3c and to3d, which is consistent with an increase in the
CDCl). number of interacting chromophores. Interestingly, a plot of

the e of 3b, 3c, and3d against the reciprocal of the number of
rings within H-bonding distance of the two carbonyl oxygen 2-naphthyl units (Figure 7B) is linear with an intercept vatue
atoms of the complex (Figure 3). The distance between the of about 40 000 M* cm™, corresponding to a ladderane with

carbonyl oxygen and the deuterium atom-{D) is 2.56 A. infinite chain length. Such a structure would closely resemble
The packing morphology of this complex (Figure 4) indicates a one-dimensional crystal.
stacking of one complex on top of the other along dlais to The observed change ofn 3a—d agrees well with molecular

create long channels into which the CRGblvates are held.  modeling studies. Ii8a and3b, there are no closely packed
Given the fact that two chlorine atoms from CR@bint directly 2-naphthyl chromophores. However, two pairs and four pairs
toward the two 2-naphthyl rings, we suspect that there might of closely stacked 2-naphthyl chromophores are foun@dn
exist a weak intermolecular interaction involving a charge- and3d, respectively (Figure 5). The decreaseiariginating
transfer interaction between theelectron system of a pendant  from a pair of stacked 2-naphthyl chromophores is calculated
2-naphthyl group and a chlorine atom in CRCIPrevious as about 3300 M cm™1. Because of broadening of the,
studies showed that such charge-transfer interactions betweerband caused by Davydov splitting, deconvolution and quantita-
aromatic molecules and CCappear to be general phenomena tive description of the half-width of this band proved difficult.

in the solution’> and that similar interactions between chloro-  gycitation spectra da—d and model compoundiare shown
form and aromatic groups might be expected in the solid state. i, Figure 8A (normalized at 273 nm). The excitation spectrum

(14) Crystaliographic summary for §§12002)Fe(CO}—CDCh, Yellow of 4 is |d_ent|cal to that of naphtha_len_e itself (not sh(_)wn for
needles from CDGJ orthorhombic,Pnma Z = 4 in a cell of dimensions  clarity) with maxima at 273 nm, which is therefore assigned to
a=19.832(1)b = 23.276(2)c = 6.1419(4) AV = 2835.2(3) &, pcaic= the unperturbed 2-naphthyl group. Two features are clear in
1.59 gcm %, F(000) = 1384. A total of 6943 reflections were measured,  the spectra: first, the optical density at around 248 nm increases
3317 unique Rt = 0.038). The structure was refined &4 to anR, = : v f ’ il f
0.0874, with a conventiond® = 0.0359, with a goodness of fit 1.010 consistently from4 to 3a, 3b, 3c, and3d, until for 3c and 3d,

for 207 refined parameters. a new band actually appears at 248 nm. Second, another new
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3a 3b

Figure 5. Computer-generated models of minimum energy conformatiof3derd.

band around 303 nm present 8a—d is absent in4. The

model compound (4)

(e}

Il
CH,OCC(CH3)s

Absorbance

difference excitation spectra betwega—d and4 (Figure 8B) b

illustrate the ground state properties of this family. The resulting 2

spectra derive essentially from secondary intramolecular chro- n I » w

mophore interactions, in this case, by through-space interactions 220 240 260 280 300 320
Wavelength (nm)

attained by chromophore stacking. The increase in intensity to
the blue (248 nm) and to the red (303 nm) of the ground state Figure 6. Absorption spectra oBa—d in degassed THF at room

unperturbed 2-naphthyl excitation band is attributed to the temperature.
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imperfectly stacked 2-naphthyl chromophotésSuch a hypo-
chromic effect has been observed previotfsig the nematic

J. Am. Chem. Soc., Vol. 118, No. 47, 19957
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Figure 8. Steady state fluorescence excitation spectrdasfd and4
in degassed THF at room temperature monitored at 335 nm: (A)
normalized at 273 nm; and (B) difference excitation spectra between
3a—d and4.

These steady state emission studies suggest that two distinct
environments exist for the 2-naphthyl chromophores in the

phase of a liquid crystalline poly(aryl cinnamate) where strong ground states ddcand3d. Upon excitation at 280 nm, isolated
chromophore aggregation occurs. Direct excitation to the 303- naphthyl units emit strongly; an aggregated (imperfectly stacked)
nm band leads to no useful information since the emission is structure emitsimax = 303 nm) predominantly upon excitation

too weak to be meaningful.
When excited at 280 nm, dime3a and trimer3b show

at 260 nm. Upon excitation at 230 nm, both the isolated and
aggregated chromophores emit, and the resulting fluorescence

characteristic 2-naphthyl monomer emissions at 335 nm andis a superposition of the fluorescence of these two species.

higher energy shoulders at around 303 nm. TetraBesand
pentame3d clearly exhibit resolved blue-shifted peaks at 303

Although the fluorescence emission spectr@afd (Figure
9A) show predominant monomer and aggregate emission upon

nm (Figure 9A). To elucidate the identity of species responsible excitation at 280 or 260 nm, respectively, excimer emission at
for these high-energy emissions, the wavelength dependencesiround 400 nm in both cases is barely detectable. When
of the fluorescence spectra were examined. Upon excitation atcompared with the closest polymer analog, poly(2-naphthyl-

260 nm or 280 nm3aand3b show essentially identical spectra.

methyl methacrylate)? 3a—d show an excimer-to-monomer

However, better definition and additional fine structure are emission ratio Ig/l,) only about 0.15 to 0.2, whereas that of

observed at 303 nm in the fluorescence spectraccdind 3d
(Figure 9B).

the polymer analog is close to one. The rigid backbone in these

The normal 2-naphthyl monomer emission |adder oligomers thus apparently inhibits approach to a geometry

component can also be seen, as shown by the emission peakgptimal for excimer emission.
at 335 nm (Figure 9B). Figure 9C shows the emission spectra  This is an important result if these compounds are to be
of 3a—d obtained upon excitation at 230 nm: two peaks are considered as structural elements in efficient light harvesting

observed at 303 and 335 nm &t and 3d, whereas only one

polymers, because excimers act as excitation energy traps which,

peak at around 335 nm and a shoulder around 303 nm are seefn turn, disrupt long distance excitation energy and electron

in 3a and 3b. As expected for a single unperturbed chro-

transfer. Usually, bulky groups are introduced along a polymer

mophore 4 exhibits wavelength-independent fluorescence emis- to suppress excimer formatidh2° but at the considerable
sion upon excitation at 230, 260, or 280 nm. The fluorescence expense of decreasing chromophore interaction and, conse-

quantum yields in ladderan8sare much lower than id. Self-

guently, efficiency of energy and electron transfer. Our results,

quenching may be responsible for the low quantum yields, combined with the previous studies in this grépclearly

although the quantum yield increases gradually fi®erto 3d
(Table 1).

(15) Dawber, J. GJ. Chem. Soc., Faraday Trans1979 75, 370.
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Soc.1990 112 4049.

suggest that a rigid polymer backbone can efficiently suppress
excimer formation without sacrificing long distance electronic
coupling.

(19) Nakahira, T.; Sakuma, T.; lwabuchi, S.; Kojima, Kakromol.
Chem., Rapid Commui98Q 1, 413.

(20) Fox, M. A.; Britt, P. F.Macromolecules99Q 23, 4533.

(21) Fox, H. H.; Fox, M. AMacromolecules 995 28, 4570.
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2-naphthyl chromophores in these ladderanes, extensive excita-
tion energy migration or hopping is to be expected. Excited
singlet lifetimes are often found to be shortened when excimer
formation can take plac¥. However, single exponential
fluorescence decay profiles have been previously reported for
a bichromophore system (di-2-naphtmyklkanes) with a
lifetime nearly identical to its model compound (2-ethylnaph-
thalene) when exciton hopping rather than excimer formation
was observe@® We therefore propose that through-space
intramolecular electronic interactions among imperfectly stacked
2-naphthyl chromophores iBa—d are responsible for the
observed nonexponential fluorescence decay. Because of the
complicated kinetics associated with these nonexponential decay
profiles, however, detailed assignments of the kinetic parameters
have not been attempted.

A

335

Intensity (arb. units)

Conclusions

The syntheses of the photoactive 2-naphthyl-labeled ladder-
anes described here provide good quantities of oligomers under
conditions in which the identity of the incorporated group can
be systematically altered. The controlled size of the ladderanes
C bearing different numbers of pendant chromophores permits
guantitative study of the ground state conformation and how
excited state photophysics are perturbed by the number of
chromophores sampled by exciton hopping within the excited
state lifetime. Absorption spectra, steady state fluorescence,
and single photon counting studies clearly reveal extensive
intramolecular electronic interaction in both the ground state
and excited singlet state of this family.

Intensity (arb. units)
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