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ortho-Phenylene oligomers with terminal push–pull substitution†‡

Jian He, Sanyo M. Mathew, Sarah D. Cornett, Stephan C. Grundy and C. Scott Hartley*

Received 20th December 2011, Accepted 29th February 2012
DOI: 10.1039/c2ob07146k

ortho-Phenylenes are an emerging class of helical oligomers and polymers. We have synthesized a series
of push–pull-substituted o-phenylene oligomers (dimethylamino/nitro) up to the octamer. Conformational
analysis of the hexamer using a combination of low-temperature NMR spectroscopy and ab initio
predictions of 1H NMR chemical shifts indicates that, like other o-phenylenes, they exist as compact
helices in solution. However, the substituents are found to have a significant effect on their
conformational behavior: the nitro-functionalized terminus is 3-fold more likely to twist out of the helix.
Protonation of the dimethylamino group favors the helical conformer. UV/vis spectroscopy indicates that
the direct charge-transfer interaction between the push–pull substituents attenuates quickly compared to
other conjugated systems, with no significant charge-transfer band for oligomers longer than the trimer.
On protonation of the dimethylamino group, significant bathochromic shifts with increasing oligomer
length are observed: the effective conjugation length is 9 repeat units, more than twice that of the parent
oligomer. This behavior may be rationalized through examination of the frontier molecular orbitals of
these compounds, which exhibit greater delocalization after protonation, as shown by DFT calculations.

Introduction

Abiotic oligomers and polymers that adopt well-defined second-
ary structures are currently of great interest as mimics of bio-
molecules and in materials science and nanotechnology.1–6

Molecules that fold into helices (the most common motif6)
have been used in molecular recognition7–12 and may exhibit
mechanical actuation13–15 or desirable chiroptical properties.16–18

Because of their three-dimensional structures, these architectures
can also be used as molecular scaffolding for the organization of
functional moieties in space (e.g., chromophores).19,20 Neverthe-
less, while a variety of different folded architectures have been
reported, there remain many very simple structural motifs for
folding that have yet to be thoroughly explored.

The ortho-phenylenes represent a fundamental class of conju-
gated polymers (or oligomers), but they have received only
limited attention21–25 compared to other systems because steric
twisting limits their π-system delocalization. However, they have
recently emerged as a new class of helical oligomers. For

example, Fukushima and Aida have demonstrated a remarkable
o-phenylene octamer that exhibits spontaneous resolution of a
helical conformation in the solid state, along with a series of
monodisperse o-phenylenes up to the [48]-mer.26 Our own group
has been exploring the electronic structures and conformational
behavior of simple o-phenylene oligomers.27–30 As expected,
delocalization in an o-phenylene is substantially attenuated (e.g.,
compared to para-phenylenes) due to their twisted structures: the
effective conjugation length of the parent (unsubstituted) series
is quite short (necl ≈ 4).29 The conjugation length appears to be
sensitive to substitution, however, as functionalization with
methoxy groups increases it significantly (necl ≈ 8).27 We have
also shown that the o-phenylenes have a strong preference for a
compact stacked helical conformation in solution, with the only
significant conformational variability occurring at the ends of the
chains.28,29

To continue our investigation of the electronic and confor-
mational properties of o-phenylenes, we decided to prepare the
homologous series of oligomers oP(DA)n, which are end-func-
tionalized with donor and acceptor groups (dimethylamino and

†This article is part of an Organic & Biomolecular Chemistry web
theme issue on Foldamer Chemistry.
‡Electronic supplementary information (ESI) available: supplemental
figures referred to in the text; NMR spectra of oP(DA)6; energies for
optimized geometries; synthetic details for oP(DA)2, oP(DA)3, oP(D)4,
and oP(A)4; NMR spectra of all novel compounds; Cartesian coordi-
nates for optimized geometries; and complete ref. 58. See DOI: 10.1039/
c2ob07146k

Department of Chemistry & Biochemistry, Miami University, Oxford,
OH 45056, USA. E-mail: scott.hartley@muohio.edu; Fax: +1 (513)
529–5715; Tel: +1 (513) 529–1731

3398 | Org. Biomol. Chem., 2012, 10, 3398–3405 This journal is © The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 B

ro
w

n 
U

ni
ve

rs
ity

 o
n 

26
 D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
1 

M
ar

ch
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2O

B
07

14
6K

View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/c2ob07146k
http://dx.doi.org/10.1039/c2ob07146k
www.rsc.org/obc
http://dx.doi.org/10.1039/c2ob07146k
http://pubs.rsc.org/en/journals/journal/OB
http://pubs.rsc.org/en/journals/journal/OB?issueid=OB010017


nitro, respectively). In general, such “push–pull” oligomers are
of interest as functional materials with desirable linear and non-
linear optical properties.31 This series of compounds allows us to
probe both electronic effects in the o-phenylenes and substituent
effects on their conformational behavior. We show here that
direct electronic interaction through the o-phenylene backbone is
limited, but a long effective conjugation length is restored on
protonation of the dimethylamino groups. The substituents are
also found to have a significant effect on the conformational be-
havior of the structures.

Results and discussion

Synthesis

Our synthetic approach to the oP(DA)n series, shown in
Scheme 1, uses our previously developed strategy,27,29 which is
based on Manabe and Ishikawa’s oligophenylene synthesis using
phenols as masked triflates.32,33 Briefly, the key building block
for our synthesis is boroxarene 1, which is readily obtained by
treatment of 2-phenylphenol with boron trichloride.34 Suzuki
coupling35 of 1 with 1-bromo-4-nitrobenzene affords oP(A)3-
OH, which can be activated toward further coupling reactions by
triflation to give oP(A)3-OTf. The oligomer can be terminated at
this point by Suzuki coupling with 4-(dimethylamino)phenyl-
boronic acid, giving oP(DA)4, or extended by coupling with
another equivalent of 1, giving oP(A)5-OH. This sequence is
then repeated to give the higher oligomers oP(DA)6 and
oP(DA)8. Syntheses of the short oligomers considered here,
oP(DA)2 and oP(DA)3, are described in the ESI.‡

Conformational analysis

We have previously reported a detailed conformational analysis
of the o-phenylenes.28 The backbone conformation is dictated
by the biaryl dihedrals (ϕi) shown in Fig. 1. On the NMR
timescale, o-phenylenes longer than the pentamer undergo slow
conformational exchange with respect to the internal dihedrals
ϕ2–ϕn−2.

28,29 Simple o-phenylenes (including the parent com-
pounds) tend to adopt compact helical conformations with three
repeat units per turn and parallel offset stacking between aro-
matic rings. This conformer corresponds to internal dihedrals of
ϕi ≈ −65° (or +65°), which we refer to as the “A” states. For
example, the most stable conformer of oP(DA)6, which has ϕ2 ≈
ϕ3 ≈ ϕ4 ≈ −65°, is the AAA (or A3) conformer; of course, all of
the structures presented here are racemic, and there is also an
enantiomeric helix with all ϕi ≈ +65°.

Although the dominant conformer for a simple o-phenylene
oligomer is typically this An−3 helix, minor conformers are typi-
cally observed for which the terminal rings are flipped away
from the helical path. These “defects” correspond to dihedrals of

Scheme 1 Reagents and conditions: (a) 1, Pd(OAc)2, SPhos, K3PO4, THF/H2O (4/1), 90 °C; (b) Tf2O, pyridine, CH2Cl2, 0 °C to r.t.; (c) 4-(dimethyl-
amino)phenylboronic acid, Pd(OAc)2, SPhos, K3PO4, THF/H2O (4/1), 90 °C.

Fig. 1 Ring and dihedral labeling scheme for oP(DA)6.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 3398–3405 | 3399

D
ow

nl
oa

de
d 

by
 B

ro
w

n 
U

ni
ve

rs
ity

 o
n 

26
 D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
1 

M
ar

ch
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2O

B
07

14
6K

View Article Online

http://dx.doi.org/10.1039/c2ob07146k


ϕi ≈ +130° (or −130°), which we call the “B” states. Thus, the
conformational behavior at the ends of the oligomers should be
particularly sensitive to substituent effects. Terminally substi-
tuted push–pull oligomers oP(DA)n therefore offer an opportu-
nity to probe whether functional groups can be used to control
the conformational state of an o-phenylene. In particular, the
hexamer oP(DA)6 exhibits NMR spectra that are amenable to
complete assignment of the 1H chemical shifts. The shorter oli-
gomers are in fast conformational exchange on the NMR time-
scale. Unfortunately, the necessary two-dimensional NMR
spectra for oP(DA)8 could not be obtained because of its poor
solubility.36

The one-dimensional 1H NMR spectrum of oP(DA)6 at 0 °C,
shown in Fig. 2, has a set of relatively intense signals that corre-
spond to one major species as well as a number of smaller
signals. EXSY (i.e., NOESY) spectroscopy demonstrates that the
minor species correspond to less-populated conformational states
and not impurities: cross-peaks are observed between all minor
signals and corresponding signals for the major conformer.
These cross-peaks are in phase with the diagonal indicating that
they represent slow exchange on the NMR timescale. Four dis-
tinct conformers can be identified from the EXSY spectrum that
we label I–IV; this is most obvious for the signals for Ha (see
Fig. 1 for labeling). The relative populations of I : II : III : IV are

54 : 27 : 10 : 8 based on integration of the signals for Ha. No
other conformers are observed in the spectra.

The actual geometries of these four conformers were deter-
mined using a strategy similar to our approach to the other o-phe-
nylenes.28,29 In addition to the EXSY spectra, a complete set of
standard two-dimensional NMR experiments was performed,
including DQFCOSY, HMQC, and HMBC (spectra given in the
ESI‡). It was then possible to completely assign the chemical
shifts for the major conformer I. By analogy with our previous
work on o-phenylenes, we expect this conformer to correspond
to the AAA geometry, shown in Fig. 3, which was optimized by
DFT (B3LYP/6-31+G(d,p)). The 1H chemical shifts for this geo-
metry were then calculated using the GIAO method37,38 and the
WP04 functional39 with the 6-31G(d) basis set, a method that
has been shown to provide very accurate results with moderate
computational cost.40 As shown in Fig. 4a, a very good corre-
lation between the calculated and experimental data is obtained.
The scaled RMS error41 of 0.12 ppm is in very good agreement
with previously determined errors for the method in general40

and o-phenylenes in particular: we typically take RMS errors of

Fig. 2 Selected NMR spectra of oP(DA)6 (500 MHz, CDCl3, 0 °C).
Top: 1D 1H NMR spectrum; signals corresponding to Ha in the four con-
formers (I–IV) are indicated. Middle: EXSY spectrum (tm ≈ 0.5 s); the
box highlights the EXSY cross peaks for Ha exchanging between the
four conformers. Bottom: DQFCOSY signals used to obtain chemical
shifts for Hb for the four conformers.

Fig. 3 Observed conformers of oP(DA)6. Geometries minimized at the
B3LYP/6-31+G(d,p) level.

Fig. 4 Calculated (GIAO/PCM/WP04/6-31G(d)//B3LYP/6-31+G(d,p))
vs. experimental chemical shifts for oP(DA)6. (a) Calculated for AAA
geometry vs. I. (b) Ha and Hb for all four conformers.

3400 | Org. Biomol. Chem., 2012, 10, 3398–3405 This journal is © The Royal Society of Chemistry 2012
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less than 0.15 ppm to indicate a good match.28,29 We therefore
conclude that conformer I corresponds to the AAA geometry.

Unfortunately, because of the non-symmetrical substitution
pattern of oP(DA)6, its NMR spectra are significantly more com-
plicated than the other o-phenylenes we have previously exam-
ined (which have been 2-fold symmetric).28,29 Therefore, it was
not possible to use the EXSY spectrum to directly map all of the
chemical shifts for conformer I onto the less-populated confor-
mers II, III, and IV. Fortunately, because the signals of Ha

(Fig. 1) are significantly downfield from the rest of the spectrum,
these protons served as a useful marker for distinguishing the
different conformers. The chemical shifts of the corresponding
protons Hb were then readily identified from the DQFCOSY
spectrum (Fig. 2, bottom), giving two data points per conformer
for use in determining their identities.

There are a total of eight possible backbone conformers for
oP(DA)6. However, as discussed above, our previous work on
other o-phenylene hexamers has shown that the central bond (ϕ3)
favors the “A” state (ϕ3 ≈ 65°), with structural variation occur-
ring at the ends (ϕ2 and ϕ4). Thus, we assume here that confor-
mers II, III, and IV should correspond to geometries with ϕ3 in
the A state: BAB, BAA, and AAB, shown in Fig. 3. Comparison
of the calculated chemical shifts for Ha and Hb for these three
geometries with the experimental data, as shown in Fig. 4b,
yields the best correlation if II is AAB, III is BAA, and IV is
BAB, with a very good overall scaled RMS error of 0.08 ppm,
well below our cutoff of 0.15 ppm. We conclude therefore that
our push–pull o-phenylenes can be broadly described by the
same conformational model we have used in the past (i.e., as
compact helices with some conformational disorder at their ends).

Interestingly, the populations of conformers II (AAB) and III
(BAA), are distinctly different (2.7 : 1). Both of these confor-
mers consist of a single flip of one end of the oligomer out of
the helical geometry; thus, the dimethylamino group more
strongly favors the helical conformation. To further probe this
issue, we carried out a similar conformational analysis on proto-
nated oP(DA)6, obtained by treatment with trifluoroacetic acid.
NMR spectra and computational data for [oP(DA)6 + H+] are
given in the ESI.‡ The conformational behavior of [oP(DA)6 +
H+] is directly analogous to oP(DA)6, except that the distribution
of conformations is different: the ratio AAA : AAB : BAA : BAB
is 80 : 10 : 7 : 4 (compared to 54 : 27 : 10 : 8). In other words,
protonation of the dimethylamino group promotes the fully
helical AAA conformer. Surprisingly, this occurs primarily by
depleting the population of the AAB state: the dimethylammo-
nium group appears to have a large effect on the conformational
behavior of the opposing nitro-substituted end of the oligomer.

One of the key questions regarding the o-phenylenes is the
origin of their preference for this particular helical structure.
Standard DFT models of these compounds (B3LYP, BH&HLYP,
PBE0), in our experience, have failed to predict the observed
relative solution-phase conformational stabilities,27–30 indicating
that the interactions responsible for this bias are subtle. Presum-
ably, this effect results from the well-known tendency for stan-
dard DFT functionals to poorly handle arene–arene (e.g.,
dispersion) interactions.42–44 Our results here demonstrate that
the conformational behavior of these compounds is sensitive to
substituent effects, suggesting that intramolecular forces are
responsible for the folding behavior of the structures, as opposed

to solvophobic45 or excluded volume46 effects. These substituent
effects may provide an opportunity to study the specific intramo-
lecular interactions that are significant in this class of com-
pounds. Close inspection of the geometries in Fig. 3 suggests
that the conformational distribution of these compounds may be
determined by a combination of offset stacking interactions (par-
ticularly for compact helices with internal dihedrals in the A
state) and edge-to-face interactions (for defects in the helix with
dihedrals in the B state).47 However, the present substituent
effects are difficult to rationalize in terms of this simple model:
we are not yet able to explain why protonation of the dimethyl-
amino group affects the conformational behavior of the opposing
nitro-substituted terminus. Investigation of a library of differently
substituted o-phenylenes is currently underway in our laboratory.

UV/vis spectroscopy

To probe the interaction between the push–pull substituents
through the o-phenylene backbone, we obtained UV/vis spectra
of the oP(DA)n series in a variety of solvents, shown in Fig. 5a
(dichloromethane) and in the ESI (cyclohexane and methanol,
Fig. S1‡). Our reference compound oP(DA)2 (4-dimethylamino-
4′-nitrobiphenyl) exhibits a solvatochromic charge-transfer (CT)
band at ∼410 nm. Aweak corresponding CT band (λ > 400 nm)
is apparent for oP(DA)3. The spectra of oP(DA)4, oP(DA)6, and
oP(DA)8 have only shorter-wavelength bands that are less sensi-
tive to solvent than the CT transitions, indicating that they corre-
spond to excitations to non-polar locally excited states. This is
further illustrated by the striking similarity between the spectra

Fig. 5 (a) UV/vis spectra of oP(DA)n in CH2Cl2. (b) UV/vis spectra in
CH2Cl2 after addition of trifluoroacetic acid; the inset is a plot of
extrapolated absorption onset against n (χ2 = 5.56).

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 3398–3405 | 3401
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of oP(DA)4 and those of non-push–pull controls oP(D)4 and
oP(A)4 (see the ESI, Fig. S2‡). Inspection of these spectra
suggests that the low-energy transitions for oP(DA)4, oP(DA)6,
and oP(DA)8 are localized on the nitro-functionalized end of the
molecule. None of the oP(DA)n series exhibits significant fluor-
escence, presumably due to quenching by the nitro group
(oP(A)4 is also non-fluorescent). Compound oP(D)4 is highly
fluorescent (in cyclohexane: λmax = 407 nm, Φf = 0.52, see the
ESI, Fig. S3‡).

The trends in the UV/vis spectra of the oP(DA)n series
are readily explained using the framework developed by
Meier,31,48–52 which considers two competing effects on λmax as
the length of a push–pull oligomer is increased: attenuation of
the charge-transfer interaction with increasing separation (hypso-
chromic shifts) and extension of the conjugated backbone (bath-
ochromic shifts). From Fig. 5a, it is clear that the charge-transfer
interaction is completely absent for n ≥ 4. The low energy tran-
sition for oP(DA)4 shows a slight (∼10 nm) shift from the corre-
sponding peak for oP(DA)3. This presumably reflects the
extension of the conjugated backbone from the trimer to the tet-
ramer, and is in good agreement with the known effective conju-
gation length for unsubstituted o-phenylenes (necl = 4).29

Consistent with the twisting of their π-systems, the charge-
transfer interaction in this series of o-phenylenes attenuates
quickly compared to similarly substituted push–pull oligomers.
For example, contributions from intramolecular charge transfer
for dialkylamino/nitro-substituted oligo(phenylene vinylene)s49,51

and oligo(phenylene ethynylene)s50 persist over 4–5 arene
units. Unfortunately, examples of p-phenylene oligomers with
similar substitution are limited, presumably because of the poor
solubility of higher p-phenylenes.48 However, oligomers of
amino/nitro-substituted p-phenylenes have been reported up to
p-quaterphenyl53,54 and changes in λmax do not reach saturation
at this length, suggesting that the charge-transfer interaction
through p-phenylenes is much stronger than in the o-phenylenes.
Nevertheless, the observation of a charge-transfer absorption
band for oP(DA)3 suggests moderate delocalization through the
o-terphenyl subunits of an o-phenylene oligomer, and is consist-
ent with the small but relatively long-range delocalization (necl ≥
4) of o-phenylenes in general.

On protonation of the dimethylamino group with trifluoroace-
tic acid, the charge-transfer bands for oP(DA)3 and oP(DA)4 dis-
appear, as shown in Fig. 5b.55 The resulting spectra show a
systematic bathochromic shift with increasing n. Unfortunately,
as with all other o-phenylenes we have examined, the spectra of
the longer oligomers do not exhibit well-defined peaks at long
wavelength; accordingly, the evolution of the spectra with n have
been evaluated in terms of the absorption onsets λext determined
by extrapolation of the first turning points in the spectra. As

expected for conjugated oligomers, the data are well fit by an
empirical exponential function:56

λextðnÞ ¼ λ1 � Δλe�bðn�1Þ ð1Þ
where λ∞ is the extrapolation of λext to the polymer limit, Δλ is
the overall change in λext from monomer to polymer (the effect
of conjugation), and b quantifies the extent of conjugation (the
rate at which λ∞ is approached). The fit to eqn (1), shown in
Fig. 5b (inset), gives λ∞ = 382.4 ± 2.2 nm, Δλ = 77.9 ± 5.6 nm,
and b = 0.536 ± 0.075. The effective conjugation length (necl) is
given by:

necl ¼ lnΔλ

b
þ 1 ð2Þ

From the data, the effective conjugation length for protonated
oP(DA)n is necl ≈ 9.

To better understand the electronic structures of these
compounds, the frontier molecular orbitals of oP(DA)8 and
[oP(DA)8 + H+] were calculated using DFT (B3LYP/6-31+G-
(d,p)) and are shown in Fig. 6. As expected, the HOMO and
LUMO in oP(DA)8 are localized at the dimethylamino and nitro
ends of oP(DA)8, respectively. On protonation, the LUMO is
localized on the dimethylammonium end and the HOMO is cen-
tered on the nitro end of the oligomer; consistent with the longer
effective conjugation length after protonation, both frontier mol-
ecular orbitals are delocalized further into the chain.

Fig. 6 Frontier molecular orbitals for oP(DA)8 (top) and protonated
oP(DA)8 (bottom) calculated at the B3LYP/6-31+G(d,p) level. Orbitals
are plotted with isosurface values of 0.02.

3402 | Org. Biomol. Chem., 2012, 10, 3398–3405 This journal is © The Royal Society of Chemistry 2012
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Interestingly, the effective conjugation length for the proto-
nated oP(DA)n series is more than twice that of the parent o-phe-
nylenes (necl ≈ 4), and similar to our previously reported
methoxy-substituted series (necl ≈ 8). Clearly, a series of “pull–
pull” oligomers (i.e., without a direct structural analogy to a
simple polymer) cannot be directly compared to a uniformly
functionalized series. However, this result does underscore the
sensitivity of the conjugation length to substituent effects. While
we were unable to locate many direct analogies to these com-
pounds, it is interesting to note that in Meier’s amino/nitro-func-
tionalized oligo(phenylene vinylene)s, the conjugation length on
protonation is not any longer than the analogous (unfunctiona-
lized) PPV oligomers. This sensitivity of the π-system to substi-
tuent effects suggests that the o-phenylenes, and perhaps other
weakly conjugated systems, may have use in certain applications
for conjugated oligomers where a direct increase in absorption
(or emission) wavelength is not needed, such as molecular wires.

Conclusions

In summary, we have prepared a series of push–pull-substituted
o-phenylene oligomers oP(DA)n. These compounds have
allowed us to show that the conformational states of o-phenylene
oligomers are sensitive to substituent effects, suggesting that
subtle intramolecular forces must be responsible for their folding
behavior. UV/vis spectra demonstrate that intramolecular charge-
transfer interactions are observable through o-terphenyl linkages,
but not beyond. On protonation, however, a significant extension
of the effective conjugation length compared to parent o-pheny-
lene is observed.

Experimental

General

Unless otherwise noted, all starting materials, reagents, and sol-
vents were purchased from commercial sources and used without
further purification. Anhydrous THF was obtained by distillation
from sodium–benzophenone. Anhydrous CH2Cl2 was obtained
by distillation from CaH2. Melting points were determined using
a Thermal Analysis Q20 differential scanning calorimeter at a
heating rate of 10 °C min−1. NMR spectra were measured for
CDCl3 solutions using Bruker Avance 300 MHz or 500 MHz
NMR spectrometers. Chemical shifts are reported in δ (ppm)
relative to TMS, with the residual solvent protons used as
internal standards. Measured temperatures for variable tempera-
ture NMR experiments are uncorrected. Low resolution ESI
mass spectra were recorded on Bruker Esquire ESI mass spec-
trometer. High resolution ESI mass spectra were obtained at the
Ohio State Mass Spectrometry and Proteomics Facility. MALDI
spectra were acquired on a Bruker Ultraflex MALDI spec-
trometer using dithranol as the matrix. UV/vis spectra were
recorded using a Perkin Elmer Lambda 35 spectrophotometer.
Fluorescence emission/excitation spectra were recorded using a
Perkin Elmer LS 55 fluorescence spectrophotometer, and are cor-
rected for emission.57 The quantum yield of oP(D)4 was deter-
mined in nitrogen-sparged cyclohexane according to the
standard procedure: five solutions of varying concentrations were
used and a good linear fit (R2 ≥ 0.99) was observed when

integrated fluorescence intensity was plotted against absorbance.
9,10-diphenylanthracene in cyclohexane (Φf = 0.91) was used as
the standard, which was cross-checked against quinine bisulfate
(Φf = 0.54). Absorbances of the sample solutions were kept
below 0.10 (10 mm cuvettes) to avoid the inner filter effect.
Measurements were performed at room temperature, with both
sample and reference solutions excited at the same wavelength
(275 nm). DFT calculations were carried out using Gaussian 09
(Rev. B.01)58 on Miami University’s Redhawk computer cluster.
Calculated geometries and orbitals were visualized using
VMD.59

Synthesis of oP(A)n-OH and oP(A)n-OTf

oP(A)3-OH and oP(A)3-OTf: A Schlenk vacuum tube was
charged with 1-bromo-4-nitrobenzene (3.10 g, 15.3 mmol), 1
(2.00 g, 10.2 mmol), Pd(OAc)2 (229 mg, 1.02 mmol), SPhos
(502 mg, 1.22 mmol), and K3PO4 (5.41 g, 25.5 mmol), then
evacuated and backfilled with argon (3×). Anhydrous THF
(28 mL) was added followed by deionized water (7 mL). The
reaction mixture was degassed by three freeze-pump-thaw
cycles, then sealed and heated at 85–90 °C for 24 h. The mixture
was then cooled, acidified with HCl, diluted with EtOAc, and
washed with water and brine. The organic layer was dried over
Na2SO4, filtered, and concentrated. The crude oP(A)3-OH was
then passed through a plug of silica gel (4 : 1 hexanes–EtOAc)
and used without further purification. A stirred solution of the
oP(A)3-OH (2.15 g, 7.38 mmol) in anhydrous CH2Cl2 (25 mL)
was treated with pyridine (1.2 mL, 14.76 mmol), and the reac-
tion mixture cooled to 0 °C. Trifluoromethanesulfonic anhydride
(1.86 ml, 11.07 mmol) was added dropwise. The reaction was
allowed to warm slowly to room temperature overnight. The
reaction mixture was diluted with EtOAc and washed with 1 M
HCl, water, and brine, then dried over Na2SO4, filtered, and con-
centrated. Purification by flash chromatography (9 : 1 hexanes–
EtOAc) followed by recrystallization from abs. ethanol gave
2.78 g (6.57 mmol, 64%) of oP(A)3-OTf as off-white crystals:
m.p. 136.1 °C; 1H NMR (CDCl3, 500 MHz) δ 7.13 (d, 1H, J =
2.3 Hz), 7.28 (m, 2H), 7.38 (m, 3H), 7.46 (m, 2H), 7.54 (m,
2H), 8.06 (m, 2H); 13C NMR (CDCl3, 125 MHz) δ 118.2 (q, J =
320.9 Hz), 121.8, 123.2, 128.5, 128.7, 129.2, 129.7, 130.0,
130.2, 131.7, 132.7, 133.9, 134.5, 139.4, 146.5, 146.8, 147.7;
MS (ESI) calcd for C19H12F3NNaO5S (M + Na+) 446.0, found
446.1.

oP(A)5-OH and oP(A)5-OTf: The procedure for oP(A)3-OTf
was followed using oP(A)3-OTf (2.50 g, 5.90 mmol) as the start-
ing material. oP(A)5-OH was eluted through a plug of silica gel
(4 : 1 hexanes–EtOAc). Purification by flash chromatography
(7 : 3 hexanes–CH2Cl2) gave 2.98 g (5.17 mmol, 88%) of
oP(A)5-OTf as a pale yellow foam: m.p. 163.0 °C; 1H NMR
complex due to slow conformational exchange, see the ESI;‡
MS (ESI) calcd for C31H20F3NNaO5S (M + Na+) 598.1, found
598.1.

oP(A)7-OH and oP(A)7-OTf: The procedure for oP(A)3-OTf
was followed using oP(A)5-OTf (2.00 g, 3.47 mmol) as the start-
ing material. oP(A)7-OH was eluted through a plug of silica gel
(4 : 1 hexanes–EtOAc). Purification by flash chromatography
(7 : 3 hexanes–CH2Cl2) gave 2.17 g (2.98 mmol, 86%) of

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 3398–3405 | 3403
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oP(A)7-OTf as an off-white foam: m.p. 205.2 °C; 1H NMR
complex due to slow conformational exchange, see the ESI;‡
MS (ESI) calcd for C43H28F3NNaO5S (M + Na+) 750.2, found
750.2.

Synthesis of oP(DA)n

General procedure: A Schlenk vacuum tube was charged with
oP(A)n−1-OTf (1.00 mmol), 4-(dimethylamino)phenylboronic
acid (198 mg, 1.20 mmol), Pd(OAc)2 (44.9 mg, 0.20 mol),
SPhos (98.5 mg, 0.24 mmol), and K3PO4 (849 mg, 4.00 mmol),
then evacuated and backfilled with argon (3×). Anhydrous THF
(2.0 mL) was added followed by deionized water (0.5 mL). The
reaction mixture was degassed by three freeze–pump–thaw
cycles, then sealed and heated at 80–85 °C overnight. The reac-
tion mixture was then cooled, diluted with EtOAc (20 mL), and
washed with water, acidifying the aqueous layer with 1 M HCl
(15 mL). The aqueous layer was extracted with EtOAc and the
combined organic layers washed with water and brine, dried
over MgSO4, filtered, and concentrated.

oP(DA)4: Purification by flash chromatography (CH2Cl2) gave
210 mg (0.53 mmol, 53%) of oP(DA)4 as a red solid, which was
recrystallized from abs. ethanol prior to further analysis:
m.p. 229.0 °C; 1H NMR (CDCl3, 500 MHz) δ 2.90 (s, 6H), 6.39
(m, 4H), 6.71 (m, 2H), 7.14 (m, 2H), 7.34 (m, 2H), 7.39 (td, 1H,
J = 7.6, 1.3 Hz), 7.43 (m, 1H), 7.49 (td, 1H, J = 7.3, 1.3 Hz,),
7.53 (dd, 1H, J = 7.5, 1.3 Hz,), 7.84 (m, 2H); 13C NMR (CDCl3,
125 MHz) δ 40.8, 112.1, 122.6, 126.7, 127.7, 128.2, 128.8,
129.7, 129.8, 129.96, 130.03, 131.6, 132.0, 138.7, 138.9, 141.0,
146.1, 148.2, 149.3; MS (MALDI) calcd for C26H21N2O2 (M −
H) 393.16, found 392.88; HRMS (ESI) calcd for C26H23N2O2

(M + H+) 395.1681, found 395.1691.
oP(DA)6: Purification by flash chromatography (toluene) gave

284 mg (0.52 mmol, 52%) of oP(DA)6 as a deep yellow solid,
which was recrystallized from abs. ethanol prior to further analy-
sis: m.p. 224.7 °C; 1H NMR complex due to slow conformation-
al exchange, see the Results and discussion section and the
ESI;‡ MS (MALDI) calcd for C38H29N2O2 (M − H) 545.22,
found 545.14; HRMS (ESI) calcd for C38H31N2O2 (M+H+)
547.2386, found 547.2393.

oP(DA)8: Purification by flash chromatography (CHCl3) gave
211 mg (0.54 mmol, 54%) of oP(DA)8 as a light yellow solid:
m.p. 303.8 °C; 1H NMR complex due to slow conformational
exchange, see the ESI;‡ MS (MALDI) calcd for C50H37N2O2

(M − H) 697.29, found 697.28; HRMS (ESI) calcd for
C50H38N2NaO2 (M + Na+) 721.2831, found 721.2854.
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