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Introduction

Organic based DNA intercalators represent a variety of func-

tionalized aromatic compounds from the straightforward acri-
dine dye Proflavine (1, Fig. 1) to the more complex ligands
such as the anthraquinone based natural product daunomycin

(2). Most organic DNA intercalators have a variety of functional
groups attached to the aromatic scaffold, many of which are
normally vital to the activity and stability of the drug-DNA

complex. For instance in the anthracyclines (i.e. daunomycin 2)
an electron deficient quinone system is needed to interact with
the electron rich base pairs but the C9 hydroxyl moiety is con-
sidered the pharmocophore responsible for the drugs any anti-

cancer activity.[1] Our interest in fluorescent DNA intercalators
has initially been devised around medium-sized styryl com-
pounds bearing a central benzene core (3–7). In designing the

styryl ring system it was presumed these systems would be
slightly less rigid than more traditional intercalators, but have
similar p-stacking interactions. Many intercalators contain an

amine at the periphery (as an ammonium cation at pH 7) which
binds with the phosphate group of the DNA. In our system
terminal and conjugated carboxylic acids were targeted, a

functionality which was considered versatile enough to quickly
access other functional groups such as amines, amides and
phenols. An eventual objective was to provide derivatives that
could dramatically alter their fluorescence profile on interaction

with DNA.[2] Compounds of this type have also been examined
for their use as optical brightening (OBAs) or optical bleaching
agents.[3]

Reported literature preparation of such compounds normally
involve a Wittig based approach in which the central fragment
comes from either a di- or tri-benzaldehyde or the reverse where

a central stabilized Horner-Wodsworth-Emmons phosphonate
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Fig. 1. Known DNA intercalators proflavine (1) and daunomycin (2) as

well as proposed DNA intercalators precursors (3–7).
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ester is used. Inmany cases these processes are either lowyielding
or the procedure provides a mixture of E and Z-geometrical

isomers at each tether.[4–7] Furthermore, for the purposes of
producing reasonable quantities of a precursor olefin, the addi-
tional steps of providing a tri or tetra-phosphonate ester maybe
time consuming and problematic. Recently, the group of Sinha

has developed a domino based approach to these systems which
results in good yields of the bis-arylated systems but this process
may not be amenable to our benzyl esters/benzoic acids.[8]

The Heck reaction provides a high yielding and E-selective
approach to such unsaturated systems[9–11] Pioneering work
by de-Meijere has provided a method for the construction of

tri and tetra-styrene benzene derivatives through a tandem
Heck approach using Jefferey’s phosphine free conditions

(Pd(OAc)2, NBu4Br, K2CO3, DMF)[12] while others have inves-
tigated dihalogenated systems in reasonable yields where the

styrene coupling partner is substituted.[7,13,14] In this paper we
plan to investigate the Heck cross coupling approach to various
di-, tri- and tetra-styrenyl tethered benzene based compounds as
precursors to our target compounds (3–7).

Results and Discussion

Initial strategies to follow the preparation of tristyrene 10

(Scheme 1) through a Wittig based approach, with 1,3,5-
tribenzaldehyde were problematic.[4] Following these setbacks
we investigated a Heck cross coupling based approach from the

commercially available 1,3,5-tribomobenzene (8) and ethyl-40-
vinylbenzoate (9). It was assumed that following the first Heck
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Scheme 1. The synthesis of the target compounds through Heck cross coupling approach. Reagents and conditions: (a) Pd2(dba)3/[(t-Bu)3PH]BF4, THF,

reflux, 17 h (82–97%). (b) LiOH, H2O/EtOH, reflux, 3 h. (c) Pd/C-H2, CH2Cl2/EtOH, 17 h. (d) LiOH, H2O/EtOH, reflux, 3 h.

Table 1. Trials of the Heck cross coupling reaction between 1,3,5-tribromobenzene (8) and ethyl 4-vinylbenzoate (9)

Entry Catalyst Mol-% catA Base/additive Solvent Temp [8C] Time Yield of 8 [%]

1 Pd(OAc)2 5 K2CO3 DMF 100 2 d 0

2 Pd(OAc)2 5 K2CO3 Toluene 111 2 d 0

3 Pd(OAc)2
B 2 K2CO3/NBu4Br DMF 100 6 d 3

4 Pd(OAc)2/PPh3 5 Et3N DMF 100 2 d 0

5 HB PCC 10 NBu4OAc Toluene 111 3 d 0

6 HB PCC 10 NBu4OAc DMF/MeCN/H2O (5:5:1) 100 3 d TraceD

7 Pd(PPh3)4 5 K2CO3 Toluene 111 2 d 0

8 Pd(PPh3)4 10 Cy2MeN THF 70 5 d 0

9 Pd2(dba)3/t-Bu3P 15 Cy2MeN THF 70 14 h 97

AMol-% catalyst per Heck reaction.
BJeffery’s conditions.[15]

CHB PC: Hermann-Beller Palladacycle.[11]

DBased on TLC analysis against isolated material.
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reaction the aromatic ring would be considered less electron rich

improving the rate of oxidative addition for the second Heck
reaction thus improving the chances of amultiple or tandem type
process.[15] Initial attempts using Pd(OAc)2 or Jeffery’s phos-

phine free conditions (Table 1) unfortunately led to either none
or only small amounts of the desired trisubstituted product 10
being isolated (Entries 1 to 3).[16] While some of the above
mentioned conditions showed initial promise (Entries 3 and 6)

small alterations to these conditions did not improve the overall
yield.

Trials using the thermally stable palladacycle, popularized by

Hermann and Beller, using toluene were not successful and
trace amounts of the desired product were realized under specific
solvent conditions (DMF/MeCN/H2O, Entry 6).[13,17,18] Since

similar synthetic transformations with matching catalytic condi-
tions have been reported in a range of yields[13,19–21] it is assumed
that the specific electronic nature of our coupling partner plays a

large role in these observed lowyields. Fortunately vast improve-
ments in yield were finally realized with the use of the Pd2(dba)3
and P(t-Bu)3 catalytic system.[22] Remarkably even at lower
temperatures this successful catalytic system was highly effec-

tive for the multiple process.
As discussed earlier, despite the potential for numerous

products as a result of incomplete alkenylation or dehalogena-

tion,[10] we were still surprised to observe only the fully
olefinated products. With these factors considered, in our hands
this trihalogenalted system the Heck reaction provides a far

more attractive route compared with the Wittig based approach
from the unstable 1,3,5-tribenzaldehyde which is amenable to
scale up.[4]

Having found an effective set of catalytic conditions for the

multiple Heck reaction the Pd2(dba)3/P(t-Bu)3 system (Table 2)
was used as the key reaction to prepare the aforementioned
target compounds 3–7 (Fig. 1). As this catalyst has also been

shown to be effective with aryl chlorides,[22] trials with 1,4-
dichlorobenzene were also attempted. Unfortunately, even at
extended reaction times the yields (Entry 5) were considerably

lower. While some reduction in catalyst loading was investi-
gated, 2%perHeck reaction, further reductionsmay be possible,
but remain to be investigated. As previously, the crude NMR

spectra showed no signs of halogenated precursors or the Z-
geometric isomer. As highlighted in Schemes 1 and 2, the
approaches to the targets containing di-, tri- and tetra-tethers
is identical. Since we sought to investigate the role of extended

conjugation in DNA intercalation we also required the reduced
derivatives. Hydrogentaion of the alkenes (Schemes 1 and 2)
with 10% Pd/C in a hydrogen atmosphere proceeded well (79–

98%), as did subsequent saponification (LiOH, 85–95% yield).
In the unsaturated series of compounds (alkene tethered car-
boxylic acid derivatives 5, 6, 7, 3), the desired products were

purified by recrystallisation thus alleviating the need for

chromatography. In a further comparison of synthetic
approaches, the synthesis of 25 was examined using both the

Wittig and Heck procedures (Scheme 2).[23]

General Reaction Conditions: Halogenated benzene
(1 equiv.), ethyl 4-vinylbenzoate 9 (1.1 equiv. per halogen),
Pd2(dba)3/[(t-Bu)3PH]BF4, THF, reflux.

The Wittig approach gave the desired dialkene 23 as a
mixture of E/E and E/Z isomers in a 40/60 ratio (44/56 ratio
for 1,3 derivative 4). The procedure adopted gave significantly

higher yields than previously observed[6,24] while the Heck
reaction equivalent gave solely an E/E isomeric mixture, 28.
As before reductionwith Pd/C-H2 and saponificationwith LiOH

furnished the desired compound 25. Although dibenzaldehydes
are commercially available, preparation of the trialdehydes and
tetraaldehydes can be problematic while a wide array of halo-

aromatics are commercially available.[25]

Electronic and Fluorescent Properties

Electronic and fluorescence data for specific compounds are
indicated in Table 3 for both CH2Cl2 and cyclohexane (Image 2,

Fig. 2). Comparable data for compounds from the literature,
including stilbenes,[26] styrylstilbenes[6,27] and poly(styryl)
benzenes are included (see Accessory Publication).[5,7,28] The

structure of the spectra remains relatively unchanged, except
for a small red-shift for all compounds consistent with the

Table 2. Heck cross coupling between ethyl 4-vinylbenzoate 9 and

various halobenzenes employing the Pd2(dba)3/t-Bu3P catalytic system

Entry Substrate Mol-% catalystA Time [h] Product Yield [%]

1 8 15 14 10 97

2 13 2 15 14 88

3 17 5 15 18 82

4 26 5 18 28 84

5 27 5 72 28 29

AMol-% catalyst per Heck reaction. Fig. 2. Fluorescence of compounds 28, 10, 14 and 18 (left to right) in

CH2Cl2 at 1� 10�7M irradiated at 364 nm.
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Fig. 3. Normalized UV-Vis and fluorescence spectra of 10 in CH2Cl2
(excitation at 330 nm) and cyclohexane (excitation at 328 nm).
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change tomore polar CH2Cl2. All the compounds have shown an
absorbance at ca 258 nm, which is consistent with a styryl B-
band transition. Surprisingly, none of the compounds show an

obvious absorbance at ca 300 nm that could correspond to a
stilbene type absorbance.

The longerwavelength absorbances are consistentwith a red-

shift in the K-band absorbances due to the extended conjugation
within the compounds. These are comparable to some analogues
compiled in Table 3. While the red-shift increases from the tris-
to tetra-compounds (14 and 18) the largest observed red-shift

stilbene was in the bis-compound, suggesting the pattern of
substitution may be as important as the degree of substitution.
The fluorescence spectra of all compounds show a distinct

redshift from cyclohexane to CH2Cl2, though the structure of
the spectra remains relatively unaffected (for compound 10 see
Fig. 3). The fluorescence spectra obtained were found to be

largely independent of excitation at the B-band (,258 nm) or
the longer wavelength bands, suggesting the excited states share
a common intermediate state or the higher energy state decays

through the lower. The anisotropy may be due to the compli-
cated photochemistry of stilbenes[29] or the manifestation of
‘dual fluorescence’ commonly observed in push-pull stilbenes
such as (E)-4-dimethylamino-40-cyanostilbene (see Accessory

Publication).[26c,29] The later is unlikely as the effect is generally
eliminated in non-polar solvents, but persists in these com-
pounds. Fluorescence spectra of the tetra-substituted com-

pound, 18, show several short wavelength emissions
consistent with trans-cis isomerisation.[29a,30] The cursory
examination of the photophysical properties of these com-

pounds has revealed some interesting features and further
investigations are underway to elucidate their photophysical
properties.

In summary, we have described a simple synthesis of di-,
tri- and tetra-phenylethyl benzene compounds containing car-
boxylic acid functional groups. This was achieved through the

development of an efficient multiple Heck cross coupling
reaction through the exploration of various palladium catalysts.

Experimental

Terephthaldehyde, tributylphosphonium tetrafluoroborate,
1,3,5-tribromobenzene and 1,2,4-tribromobenzene were pur-
chased from the Sigma-Aldrich Chemical Co. Dry THF was

distilled from sodium benzophenone ketyl radical and stored
over a sodium mirror. N-Methyldicyclohexylamine was dis-
tilled under reduced pressure and stored under argon. Dess-
Martin Periodinane,[31] Herrmann-Beller paladacycle,[17a]

(methyl 4-carboxybenzyl)triphenylphosphonium bromide,[32]

Pd2(dba)3�CHCl3,[33] and Pd(PPh3)4
[34] were prepared as

described previously. 1,3-Di(hydroxymethyl)benzene was pre-

pared by the LiAlH4 reduction of dimethyl 1,3-benzenedi-
carboxylate in a similar procedure to the 1,2-isomer.[35] Ethyl
4-vinylbenzoate was prepared by the Fischer esterification of

4-vinyl benzoic acid[36a] while iso-phthalaldehyde was prepared
as via the literature.[36b]

NMR spectra were acquired on either a Bruker AV500 (1H at

500.13MHz, 13C at 125.8MHz) or a Bruker AV600 (1H at
600.13MHz, 13C at 150.9MHz) and all signals d are reported in
parts permillion [ppm]. 1H and 13C assignments weremadewith
the aid of DEPT, COSY, HSQC and HMBC sequences where

appropriate. 1H spectra were referenced to residual (partially)
undeuterated solvents, CDCl3 (CHCl3 at 7.26 ppm) and d6-
DMSO (d5-DMSO at 2.50 ppm (pentet)). 13C spectra were

referenced to the deuterated solvents, CDCl3 at 77.16 ppm and
d6-DMSO at 39.52 ppm. Infrared spectra samples were prepared
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Scheme2. Reagents and conditions: (a)NaOMe,MeOH, 22, rt, 17 h, 84%. (b) Pd/C (10%w/w),H2, 1:1CH2Cl2/MeOH, 17 h, rt, 93%. (c) LiOH,MeOH/H2O,

reflux, 17 h, 97%. (d) Pd2(dba)3�CHCl3, [(t-Bu)3PH]BF4, Cy2NMe, THF, reflux, 17 h, 84% from 26, 72 h, 29% from 27. (e) LiOH, 9:1 EtOH/H2O, reflux, 17 h,

66%. (f) Pd/C, H2, 1:1 CH2Cl2/EtOH, 17 h, 96%. (g) LiOH, EtOH/H2O, reflux, 17 h, 82%.

Table 3. Electronic and fluorescence data for 10, 14, 18 and 28

Compound Solvent UV/Vis-l [log e] Fluorescence (lex[lemis]) lex lem

10 CH2Cl2 258 [4.49], 330 [4.28] 258 414, 437

Cyclohexane 328, 341 328 393, 413

14 CH2Cl2 258 [4.53], 338 [4.83] 258 436, 450

Cyclohexane 334, 358 s 334 416, 440

18 CH2Cl2 258 [4.62], 312 [4.73], 346 [8.42] 258 455, 518

Cyclohexane 241, 336 336 442

28 CH2Cl2 254 [3.85], 372 [4.74] 254 414, 437

Cyclohexane 247, 369 369 404, 428
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using the KBr disc method and samples acquired on a Perkin–

Elmer Spectrum One spectrometer at 2 cm�1 resolution. Elec-
tronic spectrawere collected using aHP8452 spectrophotometer
in 1 cm quartz cells at ,1� 10�5 or ,1� 10�6mol L�1 in the

solvents indicated. Fluorescence spectra were recorded on a
Varian Fluorescence Spectrophotometer at 1� 10�7mol L�1.
Mass spectra were acquired on a VG Autospec employing the
electron impact (EI) ionization mode.

Standard Conditions for Heck Cross Coupling Procedure

To a flame-dried schlenk flask was added the halobenzene

(1 equiv.), Pd2(dba)3�CHCl3 (2–15mol-%) and [(t-Bu)3PH]BF4
(10–60mol-%) which were subsequently dried under vacuum
for 15min before being dissolved in dry THF. N-Methyl-

dicyclohexylamine (4 equiv.) and ethyl 4-vinylbenzoate 7

(3.3 equiv.) were added via syringe and the reaction monitored
by TLC (neat CH2Cl2). Upon completion of the reaction the

residual THF was removed under vacuum, the crude material
redissolved in CH2Cl2 and filtered to remove any insoluble
material before being absorbed onto fine silica and eluting with

0:100 to 2:98 MeOH/CH2Cl2.

Standard Method for Reduction of Alkenes

The alkenewas loaded into a glass autoclave tube and dissolved/
suspended in 1:1 CH2Cl2/MeOH or 1:1 CH2Cl2/EtOH depend-
ing upon the ester present. Argon was bubbled through the

mixture for 10min before 10% Pd/C (,10 wt-% of alkene) was
added, and the flask pressurized with H2 (50 atm). The reaction
was allowed to proceed for 17 h before being depressurized,
purged with argon, filtered through a pad of celite and con-

centrated under reduced pressure. Further purification is
described for each compound when necessary.

Standard Method for Saponification Reactions

The ester (1 equiv.) and LiOH (2 equiv. per ester) were dissolved
in 9:1 H2O/MeOH or H2O/EtOH depending upon the ester and

refluxed overnight. After cooling to room temperature the sol-
vent was removed under reduced pressure, the remaining solu-
tion diluted with H2O, cooled in an ice-bath and the pH adjusted

to 3 by the addition of HCl (1M). The precipitate was collected
filtered and product dried under vacuum.

Preparation of Selected Compounds

1,3,5-Tris[(1E)-20-(ethyl 400-benzoate)vinyl]benzene (10)

Prepared as per the standard procedure using 1,3,5-tribromo-

benzene 8 (1010mg, 3.21mmol), Pd2(dba)3�CHCl3 (882mg,
0.85mmol), t-Bu3PHBF4 (560mg, 1.93mmol), Cy2NMe
(3.0mL), ethyl 4-vinylbenzoate 7 (1870mg, 10.61mmol) and

THF (40mL). The product was eluted with 2:98MeOH/CH2Cl2
and recrystallized from CH2Cl2/EtOH to give 10 as an off white
powder (1.86 g, 97%).

1H NMR (600MHz, CDCl3): d 1.42 (t, J 7.1, 9H, CH3), 4.40
(q, J 7.1, 6H, CH2), 7.24 (AB quartet, 6H, vinyl), 7.60 (d, J 8.3,
6H, ArH), 7.61 (s, 3H, ArH), 8.06 (d, J 8.3, 6H, ArH).

13C NMR (150MHz, CDCl3): d 14.51 (CH3), 61.13 (CH2),

125.0 (CH), 126.5 (CH), 128.7 (CH), 129.7 (C), 130.2 (CH),
130.5 (CH), 137.9 (C), 141.5 (C), 166.5 (C¼O). IR (KBr):
n [cm�1] 2979, 2929, 1713, 1604, 1279, 1178, 1105, 762, 698;

HR-EIþ-MS: C39H36O6 requires 600.2512 amu, found
600.2513; EIþ-MS: MI¼C39H36O6; m/z: 600.3 (100%)¼
MIþ, 555.2 (7%)¼ [MI�EtO]þ; UV-Vis (CH2Cl2): l [nm]

(log e [M�1 cm�1]) 258 [4.49], 330 [4.28]; fluorescence

(CH2Cl2): excitation [nm] (emission [nm]) 258 [397, 418,

518], 330 [397, 418]; (cyclohexane) 328 [393, 413].

1,3,5-Tris[(1E)-20-(400-benzoic acid)vinyl]benzene (5)

Using the standard saponification procedure, 10 (252.1mg,

0.42mmol), LiOH�H2O (112.0mg, 2.7mmol) and 1:9 H2O/
EtOH (20mL) gave an gelatinous precipitate that was collected
and recrystallised from THF/H2O and dried to give the triacid 5
as a pale brown powder (209mg, 95%). 1H NMR (500.1MHz,

d6-DMSO): d 7.49 (m, 6H, vinyl CH), 7.76 (d, J 8.5, 6H, ArH),
7.88 (s, 3H, core ArH), 7.98 (d, J 8.5, 6H, ArH); 13C NMR
(125.8MHz, d6-DMSO): d [ppm] 125.0, 126.5, 128.4, 129.7,

129.9, 130.50, 137.6, 141.3, 167.1; IR (KBr): n [cm�1] 3067,
3026, 1684 (nC¼O), 1604, 1566, 1420, 1384, 1312, 1286,
1179; HR-EIþ-MS: C33H24O6 requires 516.1573 amu, found

516.1564; EIþ-MS: MI¼C33H24O6;m/z: 516.1 (100%)¼MIþ,
472.1 (11.3%)¼ [MI�CO2]

þ.

1,3,5-Tris[(1E)-20-(ethyl 400-benzoate)ethyl]benzene (11)

Conducted as per the standard reduction procedure with
trimester 10 (251mg, 0.42), Pd/C (20mg) and 1:1 CH2Cl2/EtOH
(15mL). The crude product was recrystallized from CH2Cl2/
EtOH to give the triester 11 (237mg, 93%) of a white solid.

1H-NMR (600MHz, CDCl3): d 1.38 (t, J 7.1, 9H, CH3), 2.87
(m, 12H, bridge CH2), 4.36 (q, J 7.1, 6H, CH2), 6.76 (s, 3H),
7.20 (d, J 8.1, 6H, ArH), 7.97 (d, J 8.1, 6H, ArH); 13C NMR

(150MHz, CDCl3): d 14.4, 37.5, 38.0, 60.8, 126.5, 128.3, 128.6,
129.7, 141.4, 147.2, 166.7; HR-EI-MS: C39H42O6 requires
606.2981 amu, found 606.2994.

1,3,5-Tris[20-(400-benzoic acid)ethyl]benzene (12)

Using the standard procedure triester 11 (252.0mg,

0.42mmol), LiOH�H2O (107.2mg, 2.6mmol) and 1:9 H2O/
EtOH (20mL) gave triacid 3 (202mg, 93%) as a white powder.
1H-NMR (500MHz, d6-DMSO): d 2.82 (cm, 12H, CH2), 6.83 (s,

3H, ArH), 7.28 (d, J 8.2, 6H, ArH), 7.85 (d, J 8.2, 6H, ArH); 13C
NMR (125MHz, CDCl3): d 36.7, 37.1, 126.2, 128.4, 126.2,
129.3, 140.9, 146.9, 167.3; IR (KBr): n [cm�1] 3067, 2929,
1686, 1610, 1422, 1315, 1288, 1179; HR-FAB-MS: C33H31O6

requires 523.2145 amu, found 523.2121; HR-FAB-MS:
C33H29O5 requires 505.2032 amu, found 523.2015; EIþ-MS:
MIþ¼C33H30O6; m/z: 504.2 (90%)¼ [MI�H2O]

þ, 387.1

(100%)¼ [MI – CH2(C6H4CO2H)]
þ.

1,2,4-Tris[(1E)-20-(ethyl 400-benzoate)vinyl]benzene (14)

Using the standard Heck cross-coupling procedure, 1,2,4-
tribromobenzene 13 (1.018 g, 3.2mmol), ethyl 4-vinylbenzoate
9 (1.843 g, 10.5mmol), Pd2(dba)3�CHCl3 (87.6mg, 0.08mmol),

[(t-Bu)3PH]BF4 (122.6mg, 0.42mmol), Cy2NMe (3mL) in
THF (40mL) were heated for 17 h. The crude mixture was
subjected to flash chromatography eluting with neat CH2Cl2.

The crude product was recrystallised fromCH2Cl2/EtOH to give
(1.681 g, 88%) of a pale yellow solid. 1H NMR (600MHz,
CDCl3): d 1.409, 1.413, 1.416 (3� t, J 7.1, 9H, CH3), 4.392,
4.394, 4.400 (3� q, J 7.1, 6H, CH2), 7.06–7.11 (m, 2H, vinyl

CH), 7.17–7.28 (m, 2H, vinyl CH), 7.51–7.67 (cm, 9H), 7.73 (m,
1H, core ArH), 8.04–8.09 (cm, 6H, ArH); 13C NMR (150MHz,
CDCl3): d 14.5 (CH3), 61.1, 61.13, 61.1 (CH2), 125.8 (CH),

126.5 (CH), 126.5 (CH), 126.6 (CH), 126.4 (CH), 127.3 (CH),
128.3 (CH), 128.4 (CH), 128.7 (CH), 129.6 (C), 129.8 (C), 129.8
(C), 130.2 (CH), 130.2 (CH), 130.3 (CH), 130.5 (C), 130.7 (C),

131.3 (C), 135.6 (C), 136.4 (C), 136.9 (C), 141.62 (C¼O),
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141.66 (C¼O), 141.7 (C¼O); IR (KBr): n [cm�1] 2981, 1713

(nC¼O), 1604, 1278, 1178, 1107; HR-EIþ-MS: C39H36O6

requires 600.2512 amu, found 600.2504; EIþ-MS: MI¼
C39H36O6; m/z: 600.2 (100%)¼MIþ, 555.2 (13.3%)¼ [MI�
EtO]þ, 437.1 (70.1%)¼ [MI� 2�OEt�EtO2CH]

þ.
UV-Vis (Solv): l [nm] (e [M�1 cm�1]) 258 [4.53], 338

[4.83], 362 [4.76, shoulder]; fluorescence (CH2Cl2): excitation
[nm] (emission [nm]) 258 [436 (shoulder), 450], 338 [436

(shoulder), 450]; (cyclohexane) 334 [416, 440].

1,2,4-Tris[(1E)-20-(400-benzoic acid)vinyl]benzene (6)

Triester 14 (250mg, 0.42mmol) and LiOH�H2O (70.2mg,
1.67mmol) in 9:1 EtOH/H2O were treated as described in the
general saponifiaction procedure giving the triacid 6 (186.6mg,

86%) as a yellow/brown solid; 1H-NMR (600MHz, CDCl3):
d 8.06–7.61 (m, 17H, ArH, CH), 7.66 (d, J 8.3, 1H, CH¼CH),
7.48 (s, 2HHHH, CH¼CH), 7.32 (m, 2H, ArH); 13C NMR

(150MHz, CDCl3): d 167.6 (3�C¼O), 141.76 (C), 141.71
(C), 141.6 (C), 137.0 (C), 136.3 (C), 135.4 (C), 131.2 (CH),
130.7 (CH), 130.5 (CH), 130.44 (C), 130.38 (C), 130.2 (CH),

130.16 (CH), 130.18 (CH), 128.4 (C), 128.3 (C), 127.9 (C), 127.4
(CH), 127.35 (CH), 127.15 (C), 126.9 (CH), 125.5 (C); IR (KBr):
n [cm�1] 2929, 1684 (nC¼O), 1603, 1419, 1315, 1287, 1178, 1125,

763; HR-EIþ-MS: C33H24O6 requires 516.1572 amu, found
516.1571.

1,2,4-Tris[20-(ethyl 400-benzoate)ethyl]benzene (15)

Triester 14 (306mg, 0.51mmol) and Pd/C (10% w/w, ca
40mg) in 1:1 EtOH/CH2Cl2 (20mL) was treated as described.
The crude product was recrystallised from THF and hexane

to give ester 15 305mg (98%). 1H-NMR (600MHz, CDCl3):
d 1.376, 1.381, 1.393 (3� t, 3�CH3, 9H), 2.79–2.95 (m, 12H),
4.33–4.40 (m, 6H), 6.86 (s, 1H), 6.95 (d, J 7.8, 1H), 7.04 (d, J 7.8,

1H), 7.17 (AB d, J 8.0, 2H), 7.19 (AB d, J 8.0, 2H), 7.21 (AB d, J
8.1, 2H), 7.95 (cm, J 7.7, 6H); 13C NMR (150MHz, CDCl3):
d 14.48, 14.50, 34.0, 34.4, 37.2, 37.7, 38.1, 61.0, 61.0, 126.6,
128.43, 128.54, 128.56, 128.7, 129.5, 129.7, 129.8, 129.9, 136.7,

139.0, 139.3, 147.2, 147. 2, 147.3, 166.7, 166.8, 166.8; IR (KBr):
n [cm�1] 2981, 2942, 1713, 1610, 1283, 1177, 1123, 1108; HR-
EIþ-MS: C39H42O6 requires 606.2981 amu, found 606.2975.

EIþ-MS: MI¼C39H42O6; m/z: 606.2 (6%)¼MIþ, 560.14
(36%)¼ [MI�HOEt]þ, 397 (100%).

1,2,4-Tris[20-(400-benzoic acid)ethyl]benzene (16)

Triester 15 (200mg, 0.33mmol) and LiOH�H2O (92.2mg,
2.15mmol) in 9:1EtOH/H2O (25mL)was treated as described in

the general saponification procedure, giving triacid 16 (161mg,
94%). 1H NMR (500.1MHz, d6-DMSO): d 2.77–2.91 (m, 12H,
methylene), 6.960 (AB, J 8.5, 1H), 6.967 (s, 1H), 7.07 (AB, J 8.5,
1H), 7.271 (AB, J 8.4, 2H), 7.296 (AB, J 8.4, 2H), 7.299 (AB, J

8.4, 2H), 7.82–7.87 (m, 6H), 12.83 (br s, CO2H);
13C NMR

(125.8MHz, d6-DMSO): d 33.1, 33.5, 36.3, 36.7, 37.0, 126.2,
128.5, 128.6, 128.6, 128.6, 129.0, 129.3, 129.4, 136.4, 138.6,

138.7, 146.9, 146.9, 167.3, 167.3; IR (KBr): n [cm�1] 1688,
1610, 1422, 1315, 1289, 1178; HR-EIþ-MS: C33H30O6 requires
522.2042 amu, found 522.2045; EIþ-MS: MI¼C33H30O6;

m/z: 522.2 (9%)¼MIþ, 504.2 (86%)¼ [MI�H2O]
þ, 387.1

(100%)¼ [MI – CH2(C6H4CO2H)]
þ.

1,2,4,5-Tetrakis[(1E)-20-(ethyl 400-benzoate)vinyl]
benzene (18)

1,2,4,5-Tetrabromobenzene 17 (255.8mg, 0.66mmol), ethyl-
4-vinylbenzoate 9 (498.6mg, 2.83mmol), Pd2(dba)3�CHCl3

(69.2mg, 0.07mmol), [(t-Bu)3PH]BF4 (75.4mg, 0.26mmol),

Cy2NMe (0.8mL) in THF (8mL) were treated under the afore-
mentioned cross-coupling procedure. The product was purified
by flash chromatography with CH2Cl2/MeOH (100:0–99:1) an

the eluent. The crude material was recrystallized from CH2Cl2/
EtOH to give triester 18 (541.2mg, 82%) as a bright yellow
solid. 1H NMR (600MHz, CDCl3): d 1.41 (t, J 7.1, 12H, CH3),
4.40 (q, J 7.1, 8H, CH2), 7.13 (d, J 16, 4H, vinyl CH), 7.56 (d, J

16.1, 4H, vinyl CH), 7.60 (d, J 8.3, 8H, ArH), 7.83 (s, 2H, core
ArH), 8.06 (d, J 8.3, 4H, ArH); 13C NMR (150MHz, CDCl3):
d 14.3 (CH3), 61.0 (CH2), 125.2 (ArCH, core), 126.5 (ArCH),

128.1 (CH, vinyl), 129.7 (Cq), 130.1 (ArCH), 131.0 (CH, vinyl),
135.6 (C), 141.4 (C), 166.3 (C¼O); IR (KBr): n [cm�1] 2981,
1710, 1637, 1617, 1604, 1282, 1180, 1107; HR-EIþ-MS:

C50H46O8 required 774.3193 amu, found 774.3506 ; EIþ-MS:
MI¼C50H46O8; m/z: 774.4 (100%)¼MIþ, 729.1 (16%)¼
[MI�OEt]þ, 611.1 (45%)¼ [MI�CH2(C6H4CO2Et)]

þ.
UV-Vis (Solv): l [nm] (log e [M�1 cm�1]) 258 [4.62], 312

[4.73], 346 [4.82]; fluorescence (CH2Cl2): excitation [nm]
(emission [nm]) 258 [455, 518], 312 [362, 381, 452], 346
[381, 454]; (cyclohexane) 336 [442].

1,2,4,5-Tetrakis[(20-(ethyl 400-benzoate)ethyl)benzene (19)
Triester 18 (200.4mg, 0.24mmol) and Pd/C (10% w/w, ca

30mg) in 1:1 EtOH/CH2Cl2 (40mL) was treated as described.
The crude product was recrystallized from CH2Cl2 and EtOH to
give compound 19 (147.1mg, 79%) as a white solid. 1H NMR

(600MHz, CDCl3): d 1.38 (t, J 7.2, 12H), 2.82 (m, 16H), 4.36 (q,
J 7.2, 8H), 6.81 (s, 2H), 7.18 (d, J 8.0Hz, 8H, ArH), 8.00 (d, J
8.0Hz, 8H, ArH); 13C NMR (150MHz, CDCl3): d 14.8, 34.0,
37.8, 61.0, 128.5, 128.6, 129.8, 130.6, 136.9, 147.2, 166.7;

IR (KBr): n [cm�1] 2980, 2935, 1716, 1611, 1285, 1176,
1107, 1022; HR-EIþ-MS: C50H54O8 requires 782.3819 amu,
found 782.3809 EIþ-MS: MI¼C50H54O8; m/z: 782.1 (4%)¼
MIþ, 736.1 (27%)¼ [MI�HOEt]þ, 573 (100%).

1,2,4,5-Tetrakis[20-(400-benzoic acid)ethyl]benzene (20)

Triester 19 (101.4mg, 0.13mmol), LiOH�H2O (51mg,
1.22mmol) in 9:1 EtOH/H2O (25mL) were treated as described
in the general saponification procedure, to give tetraacid 20

(87.3mg, 97%) as a white solid; 1H NMR (500.1MHz, d6-

DMSO): d 2.77 (s, 16H, CH2CH2), 6.86 (s, 2H, H2), 7.26 (AB, J
8.3, 8H, H20), 7.84 (AB, J 8.3, 8H, H30); 13C NMR (125.8MHz,
d6-DMSO): d 33.1, 36.8, 128.5, 128.6, 129.4, 136.3, 147.0,

167.3; IR (KBr): n [cm�1] 2945, 2863, 1688, 1610, 1422, 1315,
1288, 1178; HR-EIþ-MS: C42H38O8 requires 670.2567 amu,
found 670.2562; EIþ-MS:MI¼C42H38O8;m/z: 517.0 (100%)¼
[MI�H2O�CH2(C6H4CO2H)]

þ, 499.0 (12%)¼ [MI�
2(H2O)�CH2(C6H4CO2H)]

þ, 381.0 (19.5%)¼ [MI�H2O�
2CH2(C6H4CO2H)]

þ, 135.0¼ [CH2(C6H4CO2H)]
þ.

1,4-Bis[(1E)-20-(ethyl 400-benzoate)vinyl]benzene (28)

Method A: 1,4-Dibromobenzene 26 (101.5mg, 0.43mmol),
ethyl 4-vinyl benzoate 7 (166mg, 0.94mmol), Pd2(dba)3�CHCl3
(45.1mg, 0.04mmol), [(t-Bu)3PH]BF4 (52.2mg, 0.18mmol),
Cy2NMe (300 mL) in THF (5mL) were heated at reflux over-
night. The THF was removed under reduced pressure, the crude

product purified using flash chromatography with CH2Cl2 as
the eluent. Additional recrystallisation from CH2Cl2 and EtOH,
gave 28 (152.2mg, 84%).

Method B: 1,4-dichlorobenzene 27 (59.9mg, 0.41mmol),
ethyl 4-vinyl benzoate 7 (160mg, 0.91mmol), Pd2(dba)3�CHCl3
(42.1mg, 0.04mmol), [(t-Bu)3PH]BF4 (47.7mg, 0.16mmol),
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Cy2NMe (300 mL) in THF (5mL) were heated at reflux for

3 days. The reaction mixture was concentated under reduced
pressure, the crude product was purified by chromatography
with CH2Cl2 as the eluent. Additional recrystallisation from

CH2Cl2 and EtOH, gave 28 49.8mg (29%).
1H NMR (600MHz, CDCl3): d 1.41 (t, J 7.1, 6H), 4.39 (q, J

7.1, 4H), 7.14 (AB, J 16.3, 2H, vinyl CH), 7.24 (AB, J 16.3, 2H,
vinyl CH), 7.55 (s, 4H), 7.57 (d, J 8.1, 4H), 8.04 (d, J 8.1, 4H);
13C NMR (150MHz, CDCl3): d 14.5 (CH3), 61.1 (CH2), 126.5
(CH), 127.4 (CH), 128.0 (CH), 129.5 (C), 130.2 (CH), 130.7
(CH), 136.9 (C), 141.8 (C), 166.5 (C¼O); IR (KBr): n [cm�1]

2984, 2925, 1716 (C¼O), 1708 (C¼O), 1279, 1179, 1107; HR-
EIþ-MS: C28H26O4 requires 426.1831 amu, found 426.1824
UV-Vis (Solv): l [nm] (log e [M�1 cm�1]) 254 [3.85], 372

[4.74]; fluorescence (CH2Cl2): excitation [nm] (emission [nm])
254 [414, 437], 372 [414, 437]; (cyclohexane) 328 [393, 413].

1,4-Bis[20-(methyl 400-benzoate)vinyl]benzene (23)

(Methyl 4-carboxybenzyl)triphenylphosphonium bromide
(22) (4.43 g, 9.02mmol) was dissolved in MeOH (100mL)

and treated with NaOMe (45mL 0.222M in MeOH). The
ensuing yellow solution was treated with terephthalaldehyde
(512mg, 3.82mmol) in one portion and the resultant mixture

was heated at reflux for 17 h. The resulting yellow precipitate
formed was collected and washed with MeOH to give 23 (1.27 g,
84%). 40:60 mixture of the E/E and E/Z products. 1H NMR

(500.1MHz, CDCl3): d 3.834 (s, CH3, EE), 3.837 (s, CH3, EZ),
3.85 (s, CH3, EZ), 6.691 (AB, J 12.3, vinyl CH, EE), 6.726 (AB, J
12.3, vinyl CH,EZ), 6.735 (AB, J 12.3, vinyl CH,EE), 6.774 (AB,
J 12.3, vinyl CH, EZ), 7.10 (s, core ArH, EE), 7.23 (AB, J 8.3,

ArH, EZ), 7.326 (AB, J 16.4, vinyl CH, EZ), 7.345 (AB, J 8.4,
ArH, EE), 7.389 (AB, J 16.4, vinyl CH, EZ), 7.393 (AB, J 8.4,
ArH, EZ), 7.54 (AB, J 8.3, ArH, EZ), 7.72 (AB, J 8.5, ArH, EZ),

7.84 (AB, J 8.4, ArH, EE), 7.87 (AB, J 8.4, ArH,EZ), 7.85 (AB, J
8.5, ArH,EZ); 13CNMR (125.8MHz, CDCl3): d 52.1 (CH3), 52.1
(CH3), 126.6 (CH), 126.9 (CH), 127.6 (CH), 128.2 (C), 128.2 (C),

128.3 (C), 128.7 (CH), 128.8 (CH), 129.1 (CH), 129.2 (CH), 129.3
(CH), 129.4 (CH), 129.6 (CH), 130.7 (CH), 131.6 (CH), 135.6 (C),
136.0 (C), 136.1 (C), 141.8 (C), 141.8 (C), 142.0 (C); IR (KBr):
n [cm�1] 3011, 2959, 1716, 1606, 1436, 1276, 1182, 1109;HR-EI-

MS: C26H22O4 requires 398.1518 amu, found 398.1515.

1,4-Bis[20-(methyl 400-benzoate)ethyl]benzene (24)

Diester 23 (1.27 g, 3.19mmol) and Pd/C (10% w/w ca

100mg) in 1:1 MeOH/CH2Cl2 (30mL) was treated as described

in the general procedure section. The crude product was recrys-
tallized from CH2Cl2 and MeOH to give (1.20 g, 93%) as a
white solid; 1H NMR (600MHz, CDCl3): d 2.93 (AA0BB0, 8H,
CH2CH2), 3.91 (s, 6H, OCH3), 7.05 (s, 4H, H2/H3), 7.21 (d, J
7.6, 4H, H20), 7.95 (d, J 7.6, 4H, H30); 13C NMR (150MHz,
CDCl3):d [ppm]37.2, 38.0, 52.1, 128.1, 128.6, 128.7, 129.8, 139.0,
147.3, 167.3; IR (KBr): n [cm�1] 2944, 2923, 1726, 1609, 1431,

1280, 1176, 1105. HR-EIþ-MS: C26H26O4 requires 402.1831 amu,
found 402.1834; EIþ-MS: MI¼C26H26O4; m/z: 402.2 (8%)¼
MIþ, 370.1 (33.2%)¼ [MI�MeOH]þ, 253.1 (100%)¼ [MI�
CH2C6H4CO2Me]þ, 149.1¼ [CH2C6H4CO2Me]þ.

1,4-Bis[20-(400-benzoic acid)ethyl]benzene (25)

Method 1: Diester 24 (308.6mg, 0.77mmol), LiOH�H2O

(125mg, 3.0mmol) in MeOH/H2O (9:1, 20mL) were treated as
described in the general saponification procedure, to provide
diacid 25 280mg (97%).

Method 2: Diacid 3 (107.2mg, 0.25mmol) and Pd/C (10%

w/w ca 10mg) in 1:1 EtOH/CH2Cl2 (10mL) was treated as
described. The crude mixture containing 29 (103mg, 96%) was
suspended in 9:1 EtOH/H2O (10mL) and LiOH�H2O (26.3mg,

0.63mmol) added and treated under the general saponification
procedure described earlier to afford diacid 3 (73.2mg, 82%).
1H NMR (500.1MHz, d6-DMSO): d 2.88 (AA0BB0, 8H,
CH2CH2), 7.11 (s, 4H, H2/H3), 7.32 (d, J 8.2, 6H, ArH), 7.85

(d, J 8.2, 6H, ArH); 13C NMR (125.8MHz, d6-DMSO): d 36.2,
37.0, 128.3, 128.6, 129.3, 138.7, 146.8, 167.3; IR (KBr):
n [cm�1] 2944, 2923, 1685 (C¼O), 1610, 1425, 1318, 1292,

1180, 537.

1,3-Bis[20-(methyl 400-benzoate)vinyl]benzene (4)

Isophthaldehyde 30 (460mg, 3.43mmol), 22 (4.4 g,

8.95mmol), NaOMe (20mL, 1.0 M) in MeOH (100mL) were
treated under analogous conditions to those described for the
preparation of alkene 23. The white precipitate was filtered,

washed with MeOH, and dried to give 4 (0.85 g, 62%). The
product was a 44:56 mixture of the E/E and E/Z products. 1H
NMR (600.1MHz, CDCl3): d 3.82 (s, CH3, ct), 3.83 (s, CH3,
E/E), 3.85 (s, CH3, E/Z), 6.64 (AB, J 12.4, trans vinyl CH, E/E),

6.67 (AB, J 12.4, trans vinyl CH, E/E), 6.76 (AB, J 12.3, trans
vinyl CH, E/Z), 6.81 (AB, J 12.3, trans vinyl CH, E/Z), 7.05 (dd,
J1 7.6, J2 1.4, H4, ee), 7.08 (s, H2, ee), 7.10 (d, J 7.7, H4/H6,

E/Z), 7.13 (AB, J 16.5, cis vinyl CH, E/Z), 7.17 (t, J 7.6, H5,
E/E), 7.25 (AB, J 8.2, H20, E/Z), 7.27 (t, J 7.7, H5, E/Z), 7.33
(AB, J 16.5, cis vinyl CH, E/Z), 7.36 (AB, J 8.2, ArH, E/Z), 7.46

(s, H2, E/Z), 7.50 (d, J 7.7, H4/H6, E/Z), 7.66 (AB, J 8.3, ArH,
E/Z), 7.76 (AB, J 8.4, H30,E/E), 7.84 (AB, J 8.3, ArH,E/Z), 7.92
(AB, J 8.4, ArH, E/Z); 13C NMR (150.9MHz, CDCl3): d 52.1
(CH3), 52.1 (CH3), 126.2 (CH), 126.6 (CH), 127.0 (CH), 127.6

(CH), 127.9 (CH), 128.1 (C), 128.2 (C), 128.3 (C), 128.3 (CH),
128.3 (CH), 128.7 (CH), 128.9 (CH), 128.9 (CH), 129.2 (CH),
129.3 (CH), 129.3 (CH), 129.5 (CH), 129.6 (CH), 130.9 (CH),

131.7 (CH), 131.8 (CH), 136.6 (C), 136.8 (C), 136.8 (C), 141.6
(C), 141.9 (C), 165.9 (C), 165.9 (C), 166.0 (C); IR (KBr): n
[cm�1] 1720, 1606, 1435, 1280, 1179, 1109; HR-EIþ-MS:

C26H22O4 requires 398.1518 amu, found 398.1518.

1,3-Bis[20-(methyl 400-benzoate)ethyl]benzene (31)

The E/Z isomeric mixture 4 (499.3mg, 1.25mmol) and Pd/C

(10% w/w, ca ,50mg) in MeOH/CH2Cl2 (40mL, 1:1) was
treated as described previously. The crude product was recrys-
tallized from CH2Cl2/MeOH to give ester 31 (489.7mg, 98%)

as a white solid. 1H NMR (600MHz, CDCl3): d 2.8–2.96
(AA0BB0, 8H, CH2CH2), 3.90 (s, 6H, Me), 6.91 (s, 1H, H2),
6.99 (dd, 2H, J 7.6 and1.4, 2H,H4/H6), 7.16–7.25 (cm, 5H,ArH),

7.96 (d, J 8.2, 4H, H30); 13C NMR (150MHz, CDCl3): d 37.5,
38.0, 52.1, 126.3, 128.0, 128.5, 128.7, 128.8, 129.8, 141.3, 147.3,
167.2; IR (KBr): n [cm�1] 1715, 1607 (m), 1438, 1279, 1109;HR-
EIþ-MS: C26H26O4 requires 402.1831 amu, found 402.1840.

1,3-Bis[20-(400-benzoic acid)vinyl]benzene (32)

Ester 25 (202.6mg, 0.50mmol), LiOH�H2O (92.2mg,
2.20mmol) and 9:1 MeOH/H2O (30mL) were treated as

described in the general saponfication procedure, giving
(175.8mg, 94%) as a white solid. 1H NMR (500.1MHz,
d6-DMSO): d 2.87 (AA0BB0, 8H, CH2CH2), 6.99–7.05 (m, 3H,

ArH), 7.15 (t, J 7.4, 1H,H5), 7.31 (AB, J 8.4, 4H,H20), 7.84 (AB,
J 8.4, 4H, H30), 12.8 (br s, 2H, CO2H);

13C NMR (125.8MHz,
d6-DMSO): d 36.5, 37.0, 126.0, 128.1, 128.4, 128.6, 128.6,
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129.3, 141.0, 146.9, 167.3; HR-EIþ-MS: C24H22O4 requires

374.1518 amu, found 374.1523; EIþ-MS: MI¼C24H22O4;
m/z: [%]¼MIþ, 239.0 (100%)¼ [MI�CH2(C6H4CO2H)]

þ,
193.0 (34%)¼ [MI�CH2(C6H4CO2H)�CO2H�Hþ]þ.
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