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Alkynyl substituents can be used to tune the acceptor prop-
erties of benzoquinones due to their slight electron-with-
drawing abilities. Applications of new acceptors rely on ef-
ficient and practical synthetic procedures. Herein we de-
scribe a general and convenient approach for the synthesis
of 2,3-dialkynyl-1,4-benzoquinones using a combination of
regiospecific aromatic substitution, Sonogashira cross-coup-
lings and mild CAN oxidation chemistry. The regiochemical

outcome of the synthetic protocol was verified by X-ray crys-
tallography of two compounds. Cyclic voltammetry, UV/Vis
and DFT calculations on three derivatives show that the sym-
metrical dialkynyl-substituted benzoquinones are attractive
acceptors.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The design and synthesis of components for organic elec-
tronics is important for many areas of materials science
such as non-linear optics, electronic transistors, molecular
switches and chemical sensors. Transportation of charge is
important in materials science, where the vast majority of
organic conducting materials are hole-conductors based on
radical cationic states of organic molecular crystals or poly-
mers. Simple quinones such as benzoquinone, chloranil or
DDQ have been used as acceptors in charge-transfer com-
plexes,!'! and recently the first example of a metallic CT
complex with chloranil was reported.’) Quinones are also
widespread in nature having functions involving electron-
and proton-transport. Important biological quinones co-
vers a wide range of structure from Ubiquinone via Vitamin
K to pyrroloquinoline quinine (Figure 1).3-

Quinones can in general be viewed as two carbonyl
groups connected (in conjugation) via a m-framework and
the electronic properties should therefore be tunable by
changing the pathway of conjugation. The simplest example
of this is ortho- and para-benzoquinones, but a change in
the conjugated pathway can also be achieved by the two
different naphthoquinones in Figure 2. A simple way to in-
troduce diversity is by varying the regiochemistry as illus-
trated by the three different dialkynyl-substituted 1,4-
benzoquinones.

Our interest in 2,3-alkynylated 1,4-benzoquinones origi-
nates from a number of fundamental questions. What effect
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Figure 1. Diverse structures of three naturally occurring quinones.

does cross-conjugation with alkynes have on the acceptor-
properties of a quinone? Can 2,3-bis-alkynylated 1,4-benzo-
quinones serve as building blocks for molecular devices and
for larger polycyclic aromatic hydrocarbons? Finally,
1,2,3,4-tetrasubstituted benzenes are relatively rare, and a
general practical synthetic protocol for 2,3-dialkynyl-substi-
tuted was the first challenge.

A few 2,3-dialkynyl-5,6-disubstituted-1,4-benzoquinones
were reported by Komatsu, Nicolaoul”! and Moore!® but
little has been described with respect to the effect of alkynyl
substitution. From a study of alkynylated flavins™ as well
as from the Hammett g-parameters it was expected that al-
kynes would act as electron-withdrawing substituents.['"]
This has also been shown by the work of Diederich and
collaborators on acetylene scaffolding.['!-13]
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Figure 2. 1,4-Naphthoquinone, 1,5-naphthoquinone and the three
different dialkynyl-substituted benzoquinones.

Herein we present a general and convenient protocol for
the synthesis of 2,3-dialkynyl-1,4-benzoquinones and a
study of their electrochemical and optical properties. A
brief computational study using density functional theory
(DFT) was undertaken to support the findings from the
characterization experiments. Finally, we present two crys-
tal structures that confirm the regiochemistry of the syn-
thetic protocol.

Results and Discussion

Synthesis

The synthesis is shown in Scheme 1. Dinitration of 1,4-
dimethoxybenzene gave 2,3-dinitro-1,4-dimethoxybenzene
(2) in 90% isolated yield.['*!5] Catalytic hydrogenation with
H, and Pd/C afforded the diamine 3 in quantitative yield.['®]
Tetrazotation and subsequent Sandmeyer reaction gave 1,4-
dimethoxy-2,3-diiodobenzene (4) in 60% yield. We found
that careful control of temperature and rate of addition was
important for reproducible results.['72%

Sonogashira cross-coupling chemistry was unsuccessful
under standard thermal conditions when the diiodide 4 was
used as the Ar-X component, but by using the procedure
of Erdélyi and Gogoll?! it was possible to perform the Son-
ogashia cross-coupling reaction between terminal alkynes
and the diiodide 4 using microwave irradiation. The 1,4-
dimethoxy-2,3-dialkynylbenzenes 5-7 were isolated as pale
yellow low melting solids after column chromatography on
silica. Using these conditions we only observed trace
amounts of the mono-substituted adducts. CAN oxidation
of the I,4-dimethoxy functionalities was carried out at
room temperature in aqueous acetonitrile to produce the
benzoquinones 8-10.2%23 Diiodide 4 was also oxidized
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Scheme 1. The reaction scheme for the synthesis of 2,3-alkynyl-1,4-
benzoquinones.

with CAN to the corresponding 2,3-diiodo-1,4-benzoqui-
none (11) in good yield.

1-Haloalkynes can be useful for cross-coupling reac-
tions.?*231 The conversion of the TMS-protected alkyne 7
to the corresponding 1-bromoalkyne was achieved by reac-
tion with NBS and silver nitrate. The resulting dibromo al-
kyne 12 turned out to be surprisingly stable. The structure
was confirmed by X-ray crystallography (Scheme 2).

~ ~
(0] // ™S NBS, AgNO;. O // Br
Acetone
\\ 73% %
P T™S 0 Br
7 12

Scheme 2. Synthesis of the bis(1-bromoalkyne) 12.

X-ray Crystallographic Analysis

Both the TMS (7) and the bromo (12) acetylene analogs
were analyzed by single-crystal X-ray crystallography which
confirmed the regiochemistry of the synthetic route (Fig-
ure 3). Crystals suitable for X-ray analysis of 7 were grown
by slow evaporation of a saturated ethyl acetate/n-heptane
solution and crystals suitable for X-ray analysis of 12 was
prepared by slow evaporation of a CH,Cl, solution.

The TMS acetylene analog 7 crystallizes in the mono-
clinic space group P2;/n with two molecules in the asym-
metric unit and bromide acetylene analog 12 crystallizes in

Eur. J. Org. Chem. 0000, 0-0
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Figure 3. View of molecular structures determined by single-crystal
X-ray crystallography of 7 and 12 respectably. The displacement
ellipsoids are draw at the 50% probability level.

the monoclinic space group P2;/c with two molecules in the
asymmetric unit (Table 1). The bond lengths and angles of
the two compounds are comparable to each other and are
generally within the normal ranges.

Table 1. Selected crystallographic data of 7 and 12.

Compound 12 7

Formula C]zHgBI‘zOz C]gH26028i2
Formula mass 344.00 330.57
Crystal system monoclinic monoclinic
Space group P2/c P2i/n

Z 8 8

a[A] 11.601(3) 9.8020(16)
b [A] 11.624(5) 10.3030(16)
c[A] 18.658(4) 39.938(6)

o 90 90

B 80.462(14) 90.402(14)
v 90 90

V [A3] 2481.2(12) 4033.2(11)
p [grem] 1.842 1.089
Crystal dimensions [mm] 0.57x0.10x0.04 0.43%0.20%0.09
Type of radiation Mo-K, Mo-K,

u [mm1] 6.515 0.180

T [K] 122(2) 122(2)

No. of reflections 65914 64616
Unique reflections 4580 5504

(with I > 20)

Riy 0.1228 0.0852
APrriad Apiin [6:A73] 1.473/-1.174 0.306/-0.326

R(F), R,(F>) (all data)

0.0513/0.1409

0.0456/0.1187

In both structures the methyl part of the methoxy sub-
stituents are locked in positions pointing away from the al-
kynyl substituents avoiding steric interactions. This also al-
lows for full planarity of the methoxy substituents with the
aromatic core. This is the optimum position for overlap of
the p-orbital lone pair of the oxygen atoms with the m-orbit-
als of the benzene ring.*®

In 7 the two trimethylsilyl groups have their methyl
groups placed in an “extended” staggered conformation
with respect to each other. That is, the methyl groups are
placed as far away from each other as possible in the crystal
structure.

The methoxy substituents are highly electron-donating
but also space filling and these two effects could render the
ethynyl bromides relatively stable.
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Optical Spectroscopy

The UV/Vis spectra of 1,4-benzoquinone, 2,3-diiodo-1,4-
benzoquinon (11) and the three 2,3-dialkynyl-1,4-benzoqui-
nones 8, 9 and 10 recorded in acetonitrile are depicted in
Figure 4. The spectrum of 1,4-benzoquinone shows a band
at 241 nm and a close inspection of the spectrum reveals a
weak band at approximately 280 nm. Three bands are
found in the spectrum of 2,3-diiodo-1,4-benzoquinone (11),
but these are red-shifted in comparison to the spectrum of
1,4-benzoquinone and occurs at approximately 265, 319
and 405 nm and the low-energy band has a significantly
stronger intensity relative to the high-energy bands in com-
parison to the spectrum of 1,4-benzoquinone. This low-en-
ergy band is found at approximately the same wavelength
in the spectrum of the TMS-alkyne-substituted quinone 10
but here the band at approximately 320 nm is absent. The
UV/Vis spectra of the two alkynyl-substituted quinones 8
and 9 are almost identical to the spectrum of the TMS-
alkyne-substituted analog 10. The main difference between
8 and 9 as compared to 10 is the position of the low-energy
band (at ca. 400 nm), which is blue-shifted by approxi-
mately 10 nm in 10.
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Figure 4. UV/Vis spectra of all 1,4-benzoquinones in this study.

Electrochemistry

The reduction of the three 2,3-dialkynyl-1,4-benzoqui-
nones 8-10 and of two reference compounds, 1,4-benzoqui-
none and 2,3-dioctyl-1,4-benzoquinone,??! was investigated
by slow-sweep cyclic voltammetry in MeCN with BuyNPFg
(0.1 m) as the supporting electrolyte. The voltammogram
obtained for 8, typical for the whole series, is shown in Fig-
ure 5 and the data for all five compounds are summarized
in Table 2. The first one-electron reduction resulting in the
formation of the radical anion appeared in all cases as a
quasi-reversible redox couple (R1/01), whereas the further
reduction to the dianion was essentially irreversible (R2/
02). These observations are in good agreement with results
obtained earlier for 1,4-benzoquinone and a number of sub-
stituted derivatives.?”3%

WWW.eurjoc.org 3



FULL PAPER

J. B. Christensen et al.

1.0x10°

5.0x10™4
= 0.0 -
s ” -
et 7z

~5.0x10™ P

-~ /
<7
-1.0x1074 NI
R2
'—1A5)(10vS T T T T T
2.0 -15 -1.0 0.5 0.0 0.5

E(V vs. Ag/AgCl)

Figure 5. Cyclic voltammograms for the reduction of 8 (2 mm) in
MeCN/BuyNPFg (0.1 M) at v = 0.1 V s7! and with the direction of
the voltage scan being reversed at —0.85 V (solid line) and —-1.85 V
(dashes), respectively.

Table 2. Cyclic voltammetry data for the reduction of the 2,3-dial-
kynyl-1,4-benzoquinones 8-10 and two selected reference com-
pounds.

Substrate E°'lR Eredlb] iredlel Drelld]
1,4-Benzoquinone -0.47 -1.75 9.3:10°° 1
2,3-Dioctyl-1,4-benzoquinone -0.59 -1.78 4610°  0.24
2,3-Di(hex-1-ynyl)-1,4-benzo- -0.32 -1.52 9.5:10°  1.04
quinone (8)

2,3-Bis(3,3-dimethylbut-1-ynyl)- -0.34 -1.58 9.510°  1.04
1,4-benzoquinone (9)

2,3-Bis(trimethylsilanylethynyl)- -0.22 -1.36 8.5:10°  0.84

1,4-benzoquinone (10)

[a] Potentials are in given in V vs. Ag/AgCl (3 M NaCl) and currents
in A. Formal potential for the first reduction wave (R1) determined
as the average of the peak potentials for reduction and oxidation,
(Exd = +Eg¥)/2. [b] Peak potential for the second reduction wave
(R2). [c] Peak current for the first reduction wave (R1). [d] Dif-
fusion coefficient relative to that for 1,4-benzoquinone determined
from the values of ¢ and Equation (1).

From the formal potentials for the first redox couple it
is seen that 2,3-dioctyl-1,4-benzoquinone is more difficult
to reduce than the parent 1,4-benzoquinone (AE°" =
-0.12' V), whereas the three 2,3-dialkynyl-1,4-benzoqui-
nones 8-10, are all more easily reduced (AE°" = 0.15V,
0.13 'V and 0.25V, respectively). This trend is paralleled by
the data for the second redox couple. However, it is well
known that the thermodynamics and the kinetics associated
with the second electron transfer for 1,4-benzoquinones are
strongly dependent on both the nature of the supporting
electrolyte cation®! and the ability of the solvent to act as
a hydrogen-bond donor.?% Thus, the potentials recorded
for the second redox couple result from a complex interplay
between in ternal and external effects and we shall, for that
reason, restrict the short discussion to follow to include
only the data for the first electron transfer.

The effect of substitution on the reduction potential for
1,4-benzoquinones has been addressed in a number of
cases.’134 The Hammett p-values are positive and typically
close to 6.5. In other words, and as intuitively expected, the
introduction of electron-donating substituents makes re-
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duction of the quinone more difficult, whereas the introduc-
tion of electron-withdrawing substituents makes reduction
easier. This trend is in agreement with the data in Table 2.

In more quantitative terms, the electrochemical reduction
involves the transfer of an electron to the lowest unoccupied
molecular orbital (LUMO) and the possible correlation be-
tween reduction potentials and LUMO energies, E; ynos
has been addressed for more than 40 years.** Typically,
linear correlations are observed when the substrates all be-
long to the same class of compounds, e.g., substituted 1,4-
quinones,3?-38 where the structural changes and the solvent
reorganization that accompany the electron transfer vary
gradually with changes in, for instance, E} ymo. Similarly,
linear relationships between the formal potentials for re-
duction and UV/Vis spectroscopic 1/, values are fre-
quently observed.l3“#1 Although the present work is only
a part of a larger investigation focused on the chemistry
of 2,3-dialkynyl-1,4-benzoquinones we prefer already at this
stage to test for such correlations between the formal re-
duction potentials and other related electronic data.

Initially, we investigated the correlations between E°’ for
the first electron transfer vs. Ey yymo and 1/2,,. However,
we did not observe a general linear relationship between
E°" and E;ymo or E°" and 1/4,,,, for the reduction of the
quinones but by leaving out 1,4-benzoquinone thus con-
sidering only the four 2,3-disubstituted derivatives, we ob-
served a linear relationship between E°’ and 1/4,,,, and also
between E°’ and Ejyumo. This finding indicates that sol-
vation affects the stability of the radical anions and the ex-
cited states in a similar fashion.

In order to elaborate on the solvation effect we have also
investigated the relation between E°' and the calculated
electron affinities (EAs) for the benzoquinones (see below
for details of the calculations). In the hypothetical case
where the effect of solvation is constant throughout the
series we would expect a linear correlation between values
of EA and E°.[*>#3 Indeed, a reasonable linear correlation
is observed (Figure 6), however, with a slope of 0.59 sug-

E'(V)

T T T T T T T

;
1.2 1.3 14 15 16 17 1.8 1.9
EA (eV)

Figure 6. Plot of the E°" for one-electron reduction of the 1,4-
benzoquinones (Table 2) as a function of the calculated electron
affinities (EAs).
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gesting a noticeable substituent effect on the solvation of
the benzoquinones.

The height of a voltammetric reduction peak, 9, is
given by Equation (1),* where 4 is the electrode area, C,
and Dg are the bulk concentration and the diffusion coeffi-
cient of the substrate, respectively, v is the voltage sweep
rate, n is the number of electrons transferred, here n = 1,
and T is the absolute temperature. Thus, since all the pa-
rameters except Do are known, a measured value of i¢
would in principle give access to the value of Do. However,
although the geometric area of the working electrode is, of
course, known the microscopic area to be used in Equa-
tion (1) is rarely known to the accuracy needed for good
estimates of Dq. Instead the data treatment usually includes
the determination of the relative values; here we have cho-
sen the unsubstituted 1,4-benzoquinone as the standard
compound.

ited = 0.4463nFACe DYy >(nFIRT)" (1)

Values of the relative diffusion coefficients, DI, are given
in Table 2 and it can be seen that the diffusion coefficients
for the series of quinones investigated in this study are in-
deed, with the exception of that for 2,3-dioctyl-1,4-benzo-
quinone, very similar. This may at first glance seem surpris-
ing considering the large structural change in passing from
the unsubstituted 1,4-benzoquinone to 8, 9 and 10, respec-
tively. We see this as the result of two opposing effects. On
the one hand, it would be expected that the larger the sub-
strate, the smaller the diffusion coefficient, but on the other,
it would be expected also that the solvation shell is less tight
for the 2,3-dialkynyl-1,4-benzoquinones and this would pre-
dict a larger diffusion coefficient. This again points to the
importance of solvation effects in determining the energies
of the quinone redox systems, even in aprotic solvents. In
contrast, the value of D'for 2,3-dioctyl-1,4-benzoquinone
is considerably smaller than those for the other compounds
in the series. Most likely this reflects the flexibility of the
two octyl groups.

Calculations

Geometry optimizations were carried out at the B3LYP/
6-31G(d) level of theory, where C,, symmetry was imposed
on all the molecules. The obtained molecular structures
where confirmed to be minima on the potential energy sur-
face by carrying out a subsequent calculation of the fre-
quencies for each molecule. Selected bond lengths are
shown in Figure 7.

The conjugation “pathway” O-C1-C2-C2-C1-O (see
Figure 7) is 6.75-6.77 A in all cases with only slight varia-
tion in the bond lengths, whereas the pathway O-C1-C4—
C4-C1-0 is slightly longer (6.77-6.83 A). This slight dis-
tortion of the benzoquinone skeleton reflects the changes
in the geometry of the substituents on the benzoquinone
ring and since this distortion is small, the observed differ-
ences in the electronic properties should be due to the dif-
ferent electron-donating and -accepting properties of the

Eur. J. Org. Chem. 0000, 0-0
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deaca deacy
R
(6]
doc1  deicz deacy  deics deacw
1,4-Benzoquinone 1.225 1.487 1343 1487 1.343
2,3-Dioctyl-1,4- 1227 1482 1336 1499 1369
benzoquinone
2,3-Di(hex-1-ynyl)- 1224 1484 1340 1501 1377
1,4-benzoquinone (8)
2,3-Bis(3,3-dimethyl-but-1- 1.224 1.484 1340 1.501 1.378
ynyl)-1,4-benzoquinone (9)
2,3-Bis(trimethylsilanyl- 1223 1483 1340 1503 1377
ethynyl)-1,4-benzoquinone (10)

Figure 7. Selected bond lengths [A] in the benzoquinone skeleton.

substituents and not reflect differences in the benzoquinone
n-conjugated system.

TD-DFT calculations were then carried out (again at the
B3LYP/6-31G(d) level of theory). In all the calculations the
molecules were placed in the xy plane. The vertical exci-
tation energies and dipole moments obtained from these
calculations are summarized in Table 3. A slight shift in the
excitation energies are observed as a function of the substi-
tution patterns on the quinones: The Si containing analog
10 has slightly higher excitation energy in comparison to
the two alkyl analogs 8 and 9 in agreement with the UV/
Vis data, where we observed a blue shift of 10 nm of the
band occurring at approximately 400 nm for 10. Differences
in the calculated dipole moments bears these findings out:
The dipole moment is higher in the alkyl analogs 8 and 9 as
compared to the TMS-analog 10. This difference is simply
interpreted to be due to the difference in electronegativity
of C and Si.

Table 3. Calculated excitation energies and dipole moments.

Molecule Excitation  Electron = LUMO Dipole

energy affinity moment

[eV] [eV] [eV] [Debye]
8 2.42 1.55 -3.29 2.63
9 2.41 1.59 -3.30 2.58
10 2.48 1.86 -3.52 1.90
1,4-Benzoquionone 2.47 1.33 -3.54 0.00
2,3-Dioctyl-1,4-benzo- 2.40 1.28 -3.21 0.87

quinone

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Furthermore, we calculated the adiabatic electron affin-
ities (EA) of the studied benzoquinones: Single-point calcu-
lations on the anion radicals were carried out, where the
geometries from the neutral structures were used. The dif-
ference in the electronic energy between the anion radical
and the neutral structure is defined as the adiabatic electron
affinity. The correlation between the EAs and the reduction
potentials is discussed above.
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In the results presented above we have argued that the
alkynyl substituent serves as an electron-withdrawing
group. To further support this finding we have investigated
the electron densities of the HOMO and LUMO orbitals of
1,4-benzoquionone, 2,3-dioctyl-1,4-benzoquinone and 10.
The densities are presented in Figure 8.
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Figure 8. Electron-density plots of the LUMOs (top) and HOMOs

(bottom) of 1,4-benzoquionone, 2,3-dioctyl-1,4-benzoquinone and
10, respectively (from left to right).

In the plots of the HOMOs of 1,4-benzoquinone and 2,3-
dioctyl-1,4-benzoquinone we see that the electron density is
evenly spread out across the benzoquinone system — only
small variations are observed in the density for 2,3-dioctyl-
1,4-benzoquinone as compared to 1,4-benzoquionone. The
HOMO for 10 is significantly different from the two others
and we observe that the electron density is mainly located
at the triple bonds and at the carbon atoms on the benzo-
quinone ring adjacent to the triple bonds. A noticeably
amount of the electron density is also found at the tertiary
carbon atoms in the zert-butyl group. The LUMOs of all
three compounds more or less look the same characterized
by a single nodal plane. Some density is present on the tri-
ple bonds in the LUMO of 10. Most electronic transitions
in organic molecules are characterized as LUMO-HOMO
transitions and from the density studies above we observe
that for 2,3-dioctyl-1,4-benzoquinone this transition is
mainly localized at the 1,4-benzoquinone system, whereas
for 10 charge is transferred from the more electron-rich tri-
ple bonds into the 1,4-benzoquinone system. From these

6 WWW.eurjoc.org
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observations we deduce that the alkyne functionality is in
fact electron-withdrawing as it is the electron-rich part of
the 1,4-benzoquinone in the HOMO-LUMO transition.

Conclusions

A convenient method for the synthesis of 2,3-dialkynyl-
1,4-benzoquinones is described. The electrochemical and
optical results show clearly that alkynyl substituents are
electron-withdrawing. This observation was confirmed by
DFT calculations. This is Apparently, this aspect has been
overlooked by many of the groups working with molecular
wires based on hole-transport, where the transport-proper-
ties are likely to be affected by the presence of acceptor
groups in the conduction path of the wire. Future synthetic
efforts will be directed towards the incorporating of such
synthetic building blocks into larger aromatic systems for
applications in nonlinear optics and liquid crystals.

Experimental Section

General Methods: Unless otherwise stated, all starting materials
were obtained from commercial suppliers and used as received. Sol-
vents were HPLC grade and were used as received. '"H NMR and
13C NMR spectra were recorded on a 300 MHz NMR (Varian)
apparatus (300 MHz for 'TH NMR and 75 MHz for 3C NMR) or
on a 400 MHz NMR (Bruker) apparatus (400 MHz for 'H NMR
and 100 MHz for '3C NMR). Proton chemical shifts are reported
in ppm downfield from tetramethylsilane (TMS) and carbon chem-
ical shifts in ppm downfield of TMS using the resonance of the
deuterated solvent as internal standard (0 =76.9 ppm for CDCl;).
Elemental analysis was performed by Mrs Birgitta Kegel at the
Microanalytical Laboratory at the Department of Chemistry, Uni-
versity of Copenhagen. Fast-atom bombardment (FAB) mass spec-
tra were recorded on a Jeol JMS-HX 110A Tandem Mass Spec-
trometer in the positive ion mode using m-NBA (m-nitrobenzyl
alcohol) as the matrix. Gas chromatography-mass spectrometry
(GC-MS) was performed with a HP5890 Series II plus gas chroma-
tograph coupled with a HP5872 Series Mass analysator. Dry col-
umn vacuum chromatography*! was performed using 15-40 mesh
silica from Merck. UV-vis spectra were recorded using a Perkin—
Elmer Lambda2 spectrometer. A Personal Chemistry, Smith Cre-
ator oven was employed for microwave-assisted reactions.

CCDC-292850 and -292851 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Calculations: The Gaussian 03 suite of programs!*®l was used for
the DFT calculations. Initially, geometry optimizations were car-
ried out at the B3LYP/6-31G(d) level of theory, were all the struc-
tures were constrained to C,, symmetry. Frequency calculations
were then carried out to assure that the structures were indeed min-
ima on the potential energy surface (no imaginary frequencies).
TD-DFT calculations and single point calculations on the anion
radicals were then carried out at the B3LYP/6-31G(d) level of
theory on these optimized structures. The Gaussian archice entries
for these calculations are included in the supplementary infor-
mation. GaussView 3.0147) was used for generating the orbital plots.

Cyclic Voltammetry: Tetrabutylammonium hexafluorophosphate,
BuyNPFy (Aldrich, 98%) and acetonitrile, MeCN (Lab-Scan,

Eur. J. Org. Chem. 0000, 0-0



Synthesis and Properties of 2,3-Dialkynyl-1,4-benzoquinones

FULL PAPER

HPLC grade) were used as received. The cell and electrodes for
cyclic voltammetry were from BAS. The cell was a cylindrical vial
(MF-1052) equipped with a Teflon top with holes to accommodate
the Pt working electrode (MF-2013, d = 1.6 mm), the Pt counter
electrode (MW-4130) and the Ag/AgCl (3 m NaCl) reference elec-
trode (RE-5B). The electrochemical equipment was from ECO (Au-
tolab), including the PSTAT10 potentiostat (without iR-compensa-
tion). The solutions for voltammetry were 2 mm in substrate and
made by dissolving an accurately weighed amount of the substrate
in the required volume of a MeCN/BuyNPF¢ (0.1 M) solution. The
volume of the resulting solutions was typically between 5 and
10 mL. The solutions were purged with nitrogen saturated with
MeCN for at least 10 min prior to the measurements. The peak
potentials (E,) were determined by the ECO Autolab software
(GPES, vers. 4.9).

1,4-Dimethoxy-2,3-dinitrobenzene  (2):  1,4-Dimethoxybenzene
(100 g, 0.72 mmol) was dissolved in ice cooled 62% HNO;
(1000 mL) during 30 minutes. The mixture was stirred for 1 hour
at 0 °C, at room temperature for 1 hour and at 100 °C for 1 hour.
The reaction mixture was poured into ice water (2 L) and the yel-
low solid material was filtered off, washed with water and air-dried.
The yellow precipitate was recrystallized twice from 1.5 L glacial
acidic acid to yield the pure 2,3-dinitro isomer. Yield: 148.6 g, 90%.
M.p. 184-186 °C. 'H NMR (CDCls): 6 = 3.94 (s, 6 H), 7.20 (s, 2
H) ppm. *C NMR (CDCly): § = 574, 116.6, 134.3, 145.2 ppm.
MS (GC-MS): m/z = 228.

1,2-Diamino-3,6-dimethoxybenzene (3): Dinitro compound 2 (5.0 g,
21.9 mmol) was dissolved in EtOAc (96%, 100 mL) and added to
Pd/C (100 mg, 10%). This mixture was hydrogenated at 5 bar for
24 hours. The reaction mixture was filtered through a plug of celite
and evaporate to dryness in vacuo. This yielded a dark grey solid
material that was pure by GC-MS analysis. The crude was purified
by dry column vacuum chromatography (heptane to EtOAc with
10% increments) to yield an off-white solid. Yield: 3.67 g, 99%.
M.p. 86-87 °C. 'H NMR (CDCl;): § = 3.21 (br. s, 4 H), 3.75 (s, 6
H), 6.22 (br. s, 2 H) ppm. MS (GC-MS): m/z = 168.
2,3-Diiodo-1,4-dimethoxybenzene (4): A solution of diamino com-
pound 3 (27 g, 0.16 mol) in ice cold concentrated H,SO,4 (500 mL)
was added over 30 minutes at 0 °C to a stirred solution of nitrosyl
sulfuric acid (prepared from 44.4 g (0.64 mol) NaNO, and 500 mL
concentrated H>SO, according to Fierz-David and Blangey!'”)) re-
sulting in a red solution. Stirring was continued at 0 °C for an
additional 20 minutes. Phosphoric acid (85%, 625 mL) was added
slowly to the solution and the temperature was kept below 10 °C
(20 minutes in ice bath) and then stirred for an additional 20 min-
utes. The resulting yellow inhomogeneous slurry was poured into
a violently stirred solution of KI (120 g, 0.72 mol) in ice water
(3000 mL). This gave a deep red solution and some gas evolution.
This solution was stirred at room temperature for 2 hours and then
heated to 40 °C for 30 minutes. The solution was extracted with
CH,Cl, (3x1000 mL) and the combined organic phases were
washed with aqueous bisulfite, dried (MgSQO,), filtered and evapo-
rate to dryness in vacuo. The resulting residue was taken up in
CH,Cl, and filtered through a short plug of silica. This yields the
(almost) pure diiodide as seen by GC-MS. Dry column vacuum
chromatography (heptane to 1:1 heptane/EtOAc with 5% in-
crements) yields the pure target molecule as a white solid material.
Yield: 60%, 37.5 g. M.p. 166-168 °C. '"H NMR (CDCl,): 6 = 3.84
(s, 6 H), 6.87 (s, 2 H) ppm. 3C NMR (CDCl;): § = 57.3, 102.6,
110.9, 154.0 ppm. MS (GC-MS): m/z = 390. CgHgl,0, (389.96): C
24.64, H 2.07; found: C 24.84, H 2.21.
2,3-Bis(hex-1-ynyl)-1,4-dimethoxybenzene (5): Diiodide 4 (395 mg,
1.0 mmol) and Pd(PPh;), (115 mg, 0.10 mmol) was suspended in a
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mixture of degassed anhydrous DMF (4.5mL) and degassed
Et,NH (4.5 mL). To this suspension Cul (75 mg) was added. The
MW vial was closed and 1-hexyne (185 mg) was added via syringe
and the mixture was heated in the MW (settings: 120 °C, 15 bar,
200 W, powermax off) for 10 minutes. The reaction mixture was
poured into 2 M HCI (25 mL), extracted with CH,Cl, (325 mL),
dried (MgSO,), filtered and the solvents evaporated to dryness in
vacuo. The residue was purified by dry column vacuum chromatog-
raphy (heptane to toluene with 5% increments) to give a pale yel-
low solid. Yield: 257 mg, 85%. M.p. 31-32 °C. '"H NMR (CDCls):
0 =097 (t, 6 H), 1.50-1.59 (m, 4 H), 1.60-1.69 (m, 4 H), 2.65 (t,
4 H), 3.82 (s, 6 H), 6.71 (s, 2 H). 3C NMR (CDCl;) ¢ 13.6, 19.7,
21.9, 30.9, 56.4, 75.4, 98.8, 110.5, 117.3, 154.2 ppm. MS (GC-MS):
miz = 298. CyH»60, (298.43): C 80.50, H 8.78; found: C 80.34, H
8.98.

2,3-Bis(3,3-dimethylbut-1-ynyl)-1,4-dimethoxybenzene (6): Diiodide
(4) (300 mg, 0.77 mmol) and Pd(PPhj;), (65 mg, 0.056 mmol) was
suspended in a mixture of degassed anhydrous DMF (4.5 mL) and
degassed Et,NH (4.5 mL). To this suspension Cul (50 mg) was
added. The MW vial was closed and the alkyne (2.31 mmol,
190 mg) was added via syringe and the mixture was heated in the
MW (settings: 120 °C, 15 bar, 200 W, powermax off) for 10 minutes.
The reaction mixture was poured into 2 M HCI (20 mL), extracted
with CH,Cl, (3 %25 mL), dried (MgSQ,), filtered and the solvents
evaporated to dryness in vacuo. The residue was purified by dry
column vacuum chromatography (heptane to EtOAc with 2% in-
crements) to give a pale yellow solid. Yield: 185 mg, 80%. M.p. 78—
79 °C. 'TH NMR (CDCls): 6 = 1.34 (s, 18 H), 3.80 (s, 6 H), 6.70 (s,
2 H). ’C NMR (CDCly): 6 = 28.3, 31.2, 56.8, 74.2, 107.0, 111.8,
117.8, 154.7. MS (GC-MS): m/z = 298. Cy0H»60, (298.43): C §80.50,
H 8.78; found: C 79.98, H 9.00.

(3,6-Dimethoxy-1,2-phenylene)bis(ethyne-2,1-diyl)bis(trimethylsil-
ane) (7): Diiodide 4 (3.0 g, 7.7 mmol) and Pd(PPh;), (900 mg,
0.7 mmol, 20 mol-%) was suspended in a mixture of degassed anhy-
drous DMF (20 mL) and degassed Et,NH (20 mL). To this suspen-
sion Cul (700 mg) was added. The MW vial was closed and the
alkyne (2.27 mL, 23.1 mmol) was added via syringe and the mix-
ture was heated in the MW (settings: 120 °C, 15 bar, 200 W, power-
max off) for 20 minutes. The reaction mixture was poured into 2 M
HCl (200 mL) and the mixture was extracted with CH,Cl,
(3% 150 mL), dried (MgSQ,), filtered and the solvents evaporated
to dryness in vacuo. The crude compound was purified by two
consecutive columns (on silica) using the dry column vacuum
chromatography technique (1% gradient from heptane to EtOAc;
then heptane to toluene with 10% increments) to give a crystalline
material. This was recrystallized from cold heptane to yield a color-
less crystalline material. Yield: 1.65 g, 65%. M.p. 76-77 °C. 'H
NMR (CDCls): 6 = 0.28 (s, 18 H), 3.81 (s, 6 H), 6.76 (s, 2 H) ppm.
I3C NMR (CDCl,): 6 = 0.05, 56.5, 99.1, 103.3, 112.0, 116.6, 154.7
ppm. MS (GC-MS): m/z = 330. C;3H»50,Si, (330.57): C 65.40, H
7.93; found: C 65.80, H 8.06.

2,3-Bis(hex-1-ynyl)cyclohexa-2,5-diene-1,4-dione  (8): Dimethoxy
compound 5 (300 mg, 1.01 mmol) was dissolved in acetonitrile
(20 mL) and CAN (1.65 g, 3.03 mmol, 3 equiv.) dissolved in water
(20 mL) was added during 5 minutes at room temperature. The
homogeneous solution was stirred for 20 minutes and additional
water was added (40 mL). The mixture was extracted with CH,Cl,
(3%x40 mL), dried (MgSO,) and filtered through paper. The re-
sulting yellow solution was filtered through a plug of silica and the
solvents evaporated to dryness in vacuo to yield the target com-
pound as a yellow solid. Yield: 254 mg, 94%. M.p. 26-28 °C. 'H
NMR (CDCl3): 6 = 0.95 (t, 6 H), 1.42-1.59 (m, 4 H), 1.61-1.69
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(m, 4 H), 2.58 (t, 4 H), 6.75 (s, 2 H) ppm. 3C NMR (CDCl,): § =
14.5, 20.1, 21.8, 30.2, 75.3, 111.4, 132.5, 136.5, 183.0 ppm. MS
(GC-MS): mlz = 268. C;3Ha0, (268.36): C 80.56, H 7.51; found:
C 80.76, H 7.73.

2,3-Bis(3,3-dimethylbut-1-ynyl)cyclohexa-2,5-diene-1,4-dione  (9):
Dimethoxy compound 6 (80 mg, 0.27 mmol) was dissolved in ace-
tonitrile (5 mL) and CAN (441 mg, 0.80 mmol, 3 equiv.) dissolved
in water (5 mL) was added during 5 minutes at room temperature.
The homogeneous solution was stirred for 5 minutes and additional
water was added (25 mL). The mixture was extracted with CH,Cl,
(3% 15mL), dried (MgSO,) and filtered through paper. The re-
sulting yellow solution was filtered through a plug of silica and the
solvents evaporated to dryness in vacuo to yield the target com-
pound as a yellow solid. Yield: 68 mg, 95%. M.p. 63-64 °C. 'H
NMR (CDCls): 6 = 1.37 (s, 18 H), 6.72 (s, 2 H) ppm. '3C NMR
(CDCly): ¢ = 28.9, 30.5, 73.9, 118.7, 132.2, 136.4, 182.8 ppm. MS
(GC-MS): mlz = 268. C;3H»,0, (268.36): C 80.56, H 7.51; found:
C 79.97, H 7.59.

2,3-Bis|(trimethylsilyl)ethynyl|cyclohexa-2,5-diene-1,4-dione  (10):
Dimethoxy compound 7 (0.34 g, 1.0 mmol) was dissolved in aceto-
nitrile (60 mL) and CAN (1.8 g, 3.3 eqv, 3.3 mmol) was added dis-
solved in water (60 mL). The reaction mixture was stirred for
20 minutes at room temperature to give an orange solution. Ad-
ditional water (60 mL) was added and the reaction mixture was
extracted with CH,Cl, (3x50mL), dried (MgSO,), filtered
through paper and the solvents evaporated to dryness. The crude
orange oil was purified by dry column vacuum chromatography
(heptane to 20% EtOAc in heptane with 2% increments) to leave
the target compound as a low melting yellow solid material. Yield:
0.28 g, 92%. M.p. 76-77 °C. '"H NMR (CDCl5): § = 0.29 (s, 18 H),
6.76 (s, 2 H) ppm. 3C NMR (CDCls): § = —0.46, 97.3, 117.2, 132.3,
136.5, 182.3 ppm. MS (GC-MS): m/z = 300. C;sH»,0,Si, (300.50):
C 63.45, H 6.71; found: C 63.51, H 6.73.

2,3-Diiodo-1,4-benzoquinone (11): Diiodo dimethoxy compound 4
(200 mg, 0.51 mmol) was dissolved in acetonitrile (5mL), then
CAN (840 mg, 3 equiv., 1.54 mmol) dissolved in water (5 mL), was
added. The reaction mixture was stirred for 20 minutes at room
temperature leaving an orange solution. Additional water (20 mL)
was added and the reaction mixture was extracted with CH,Cl,
(3%30 mL), dried (MgSQ,), filtered through paper and the solvents
evaporated to dryness. The crude orange oil was purified by dry
column vacuum chromatography (heptane to 20% EtOAc in hep-
tane with 2% increments) to leave the target compound as a red
solid material. Yield: 179 mg, 97%. M.p. 154-155°C. 'H NMR
(CDCl3): 6 = 7.11 (s, 2 H) ppm. '3C NMR (CDCl;): 6 = 133.8,
135.3, 177.6 ppm. MS (GC-MS): m/z = 360. C4H,1,0, (359.89): C
20.02, H 0.56; found: C 20.30, H 0.62.

2,3-Bis(bromoethynyl)-1,4-dimethoxybenzene (12): Di-TMS com-
pound (7) (200 mg, 6.05 mmol) was dissolved in anhydrous acetone
(10 mL) and NBS (215 mg, 12.1 mmol) was added followed by
AgNO; (41 mg, 0.2 mmol). The reaction mixture was stirred at
room temperature for 4 hours. The volatiles were removed in vacuo
and the residue was purified by dry column vacuum chromatog-
raphy (heptane to EtOAc with 5% increments) to yield the target
compound as a white solid material. Yield 151 mg, 73%. M.p. 131—
132 °C (decomposes). 'H NMR (CDCls): 6 = 3.82 (s, 6 H), 6.79 (s,
2 H) ppm. *C NMR (CDCly): 6§ = 55.4, 57.8, 74.6, 111.7, 116.4,
154.8 ppm. MS (GC-MS): m/z = 344. C,,HgBr,0, (344.00): C
41.90, H 2.34; found: C 42.25, H 2.17.

Supporting Information (see also the footnote on the first page of
this article): Input files used for the TD-DFT calculations on com-
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pounds 8, 9, 10, 1,4-benzoquinone and 2,3-dioctyl-1,4-benzo-
quionone.
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