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Abstract:  A series of cross-conjugated compounds based on an (E)-4,4'-(hexa-3-en-1,5-

diyne-3,4-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) skeleton (1–6) have been synthesized. The 

linear optical absorption properties can be tuned by modification of the substituents at the 1 and 



5 positions of the hexa-3-en-1,5-diynyl backbone (1: Si(CH(CH3)2)3, 2: C6H4C≡CSi(CH3)3, 3: 

C6H4COOCH3, 4: C6H4CF3, 5: C6H4C≡N, 6: C6H4C≡CC5H4N), although attempts to introduce 

electron donating (C6H4CH3, C6H4OCH3, C6H4Si(CH3)3) substituents at these positions were 

hampered by the ensuing decreased stability of the compounds. Spectroelectrochemical 

investigations of selected examples, supported by DFT based computational studies, have shown 

that one- and two-electron oxidation of the 1,2-bis(triarylamine)ethene fragment also results in 

electronic changes to the perpendicular -system in the hexa-3-en-1,5-diynyl branch of the 

molecule. These properties suggest that (E)-hexa-3-en-1,5-diynyl based compounds could have 

applications in molecular sensing and molecular electronics.  

              



Introduction 

 

Cruciform and other cross-shaped molecules have attracted interest in recent years due to 

the fact that the HOMO and LUMO associated with cross-conjugated  architectures can be 

selectively and independently localized to a single one of the constituent linearly conjugated 

pathways, or delocalized over the entire molecule, through judicious choice of both the 

composition of the cross-conjugated backbone and the electronic nature of substituents.
1
 The 

spatial separation of the HOMO and LUMO that can be engineered in a cross-conjugated system 

can be exploited to allow independent control of both the HOMO-LUMO  gap and 

intramolecular charge-transfer (ICT) pathways  within the cross-conjugated framework.
2
 This 

property is particularly useful in the design of photo-responsive or electro-active materials for 

sensing applications, as recognition elements can be incorporated into the peripheral groups of 

the cross-conjugated core, leading to molecules where chemical binding of an analyte will result 

in specific and independent changes to the optical and electronic response.
3,4

 These unique 

properties have sparked interest in materials of this type and prompted the investigation of a 

variety of compounds based on an idealized X-shaped architecture. Structures include those 

based on spirocycles,
5,6

 tetraethynylethenes,
7,8

 1,2,4,5-tetraethynyl benzenes,
9-11

 and 

tetrasubstituted distyryl benzenes (cruciforms).
3
 Additionally, cross-conjugated compounds have 

recently been investigated in the context of organic
12,13

 and molecular electronics.
14-18

 For 

example, cross-conjugated caroteneoids have recently been shown to display altered electronic 

conductance properties in response to changes in the electron withdrawing nature of the cross-

conjugated substituents,
19

 and other systems serve as models through which to explore the 

concepts of quantum interference and molecular switching in single molecule  

electronics.
15,18,20-23

 We report herein on the synthesis of cross-conjugated donor-acceptor 

systems based on the (E)-hexa-3-en-1,5-diyne skeleton and the investigation of their electronic 

and structural properties as a prelude to further studies of systems of this type in single molecule 

electronic junctions. 

 

  



Results and Discussion 

 

Syntheses.  

The key step in the synthesis of the cross-conjugated target compounds 1–6 was the 

formation of the hexa-3-en-1,5-diyne backbone. This was achieved by dimerization of propargyl 

bromides 7 and 8 (Scheme 1) utilizing the LiHMDS/HMPA mediated carbenoid coupling–

elimination strategy first described by Jones.
24

 Initially, trialkylsilylacetylenes 11 and 12 were 

lithiated with n-butyl lithium and reacted with 4-bromobenzaldehyde to afford propargyl 

alcohols 13
25

 and 14 (52%). Reaction of 13 and 14 with freshly prepared triphenylphosphine 

bromide complex furnished 7 (89%) and 8 (98%). By ensuring a high degree of purity in 

propargyl alcohols 13 and 14, both propargyl bromides 7 and 8 could be obtained in sufficient 

purity to be used directly in subsequent reactions; attempts at further purification of 7 and 8 

resulted in decomposition of the reactive propargyl bromides. Dimerization of 7 using Jones’ 

method
24

 was essentially non-regiospecific and afforded a mixture of both possible isomers of 

the trimethylsilyl substituted compound 9  with an E/Z ratio of 65:35 (by 
1
H NMR) in the crude 

product. Separation of the desired E-9 from Z-9 was hindered by their very similar polarities, and 

chromatography gave only a low yield of E-9 (32%), and a 1:5 mixture (by 
1
H NMR) of E-9 and 

Z-9 (50%). In addition, E-9 proved to be incompatible with subsequent Buchwald-Hartwig 

amination reaction conditions (Δ~100 °C, NaO
t
Bu)

26,27
 (c.f. Scheme 2), presumably with 

cleavage of the C–Si bonds resulting in a competing homo-coupling, or thermal polymerization 

of the now exposed terminal alkyne moieties; E-9 also decomposes on prolonged storage. Tuning 

of the E/Z selectivity of the carbenoid coupling methodology can be achieved by modification of 

the steric bulk and, to a lesser extent, electronic properties, of substituents on the propargyl 

bromide backbone.
24

 In light of this, and since the triisopropylsilylethynyl group has far greater 

stability towards basic conditions than the trimethylsilylethynyl moiety,
28

 compound 8 was 

selected as a substrate. Thus the E configured triisopropylsilyl substituted hexa-3-en-1,5-diyne 

(10) was synthesised in 56% yield from 8 (Scheme 1). 

 



Scheme 1. Synthesis of the cross-conjugated (E)-hexa-3-en-1,5-diyne backbone. 

  

 

Buchwald-Hartwig
26,27

 coupling of the cross-conjugated (E)-hexa-3-en-1,5-diyne 

building block 10 with bis(4-methoxyphenyl)amine (15) was employed to produce the cross-

conjugated diamine 1 in 60% yield (Scheme 2). From 1 a two pot-two step (2) or one pot-two 

step (3 – 6) sequence of desilylation and Sonogashira cross-coupling reactions
29-31

 with 

appropriate aryl iodides furnished a small library of triarylamine donor - aryl acceptor molecules 

based on para-substituted aromatic moieties pendent to the (E)-hexa-3-en-1,5-diyne core 

(Scheme 2). Compound 6 could alternatively be synthesised from 2 in 90% yield via a one pot-

two step sequence of desilylation and Sonogashira cross-coupling with 4-iodopyridine. All of the 

(E)-hexa-3-en-1,5-diyne  based compounds (1–6, 9, 10) were obtained isomerically pure, as 

determined by 
1
H NMR spectroscopy. Single crystal X-Ray diffraction studies of 1, 6, 9 and 10 

served to confirm the assignment of this compound family as the desired E isomers (see ESI). 

Compounds 2 and 6 incorporate trimethylsilylethynyl
32,33

 and pyridyl
34-36

 moieties which can 

function as surface binding groups which may allow future investigation of this class of 

compounds in single molecule conductance experiments.
18,21

 However, attempts to react 1 with 

aryl iodides containing even modestly electron donating groups to create donor-donor systems, 



via a one pot-two step sequence of desilylation and Sonogashira cross coupling analogously to 

that described for the synthesis of 2–6, for example through reactions of 1 with 4-iodotoluene, 4-

iodoanisole or 4-iodo(trimethylsilyl)benzene,
37

 failed. 

  



Scheme 2. Synthesis of cross-conjugated bis-triphenylamine compounds 

   



Electrochemical Properties The presence of the two triarylamine fragments in 1–6 

prompted investigation of the electrochemical response of these compounds.
38

 In 

dichloromethane / 0.1 M NBu4PF6 solution, the cyclic voltammogram of each of 1–6 was 

characterised by two overlapped, unresolved one-electron oxidation processes, giving rise to a 

wave with Ep varying from 70 mV (indicating two almost completely independent redox 

processes) for 2 to 141 mV for 1 (more consistent with two overlapping processes), which 

compare with Ep = 70 and 80 mV respectively (Table 1) for the internal decamethylferrocene 

standard.
39

 The electrochemical processes were largely chemically reversible, and the apparent 

half-wave potential of the detectable forward and reverse peak potentials of the amine-based 

oxidations were modestly sensitive to the electronic character of the remote aryl substituent 

(Table 1). The nitrile substituted complex 5 exhibited the most positive apparent E1/2 value (+260 

mV vs FeCp2 / [FeCp2]
+
), whilst 2, which features the much more weakly electron withdrawing 

CCSiMe3 substituent gave an apparent E1/2 of +205 mV under the same conditions. The 

overlapping voltammetric waves in the compounds 1–6 compare with the ca. 140 mV separation 

of the two redox processes (E1/2) in the model bis(diarylamino)stilbene 16 (Chart 1).
40,41

 The 

relationship between E1/2 in E-bridge-E compounds (where E = electrophore) and the electronic 

structure of the intermediate, mixed-valence compound [E-bridge-E]
+
 has been discussed and 

debated elsewhere,
38,42-44

 and we will return to this point in the discussion of electronic structure 

below.  

  



Chart 1. Model bis(diarylamino)stilbenes 

 

Table 1. Cyclic voltammetry data for compounds 1–6 in 0.1 M n-Bu4NPF6/dichloromethane 

relative to FeCp2 / [FeCp2]
+ 

(E1/2 = 0.00 V).
39

 

 
E1/2 (mV) Ep (mV) 

Fc*Ep 

(mV) 
ipc/ipa 

1 225 140 80 0.97 

2 205 70 70 0.88 

3 240 110 70 0.93 

4 240 100 95 0.95 

5 260 105 90 0.94 

6 200 75 65 1.00 

 

Structure Optimizations In order to support the spectral investigations, and further 

explore the electronic structure of these redox-active, cross-conjugated ene-diynes, DFT and 

TDDFT (time-dependent density functional theory) calculations were carried out on the neutral 

complexes 1 and 3, and also on the somewhat simplified model complex [1´]
+
 in which the Si

i
Pr3 

moieties were replaced by SiMe3 groups. All calculations were carried out using the global 

hybrid functional BLYP35, the def2-TZVP basis set, and a suitable dielectric continuum solvent 

model (dichloromethane), see Computational Details below. This computational protocol has 

been specifically developed to properly characterise mixed-valence systems
45,46

 and was used 

also for the neutral complexes 1 and 3 to maintain consistency.  



Optimisation of 1 and 3 gave structures that were in excellent agreement with the 

available crystallographically determined data (Table 2 and ESI).  The structures were optimized 

without symmetry constraints, and the structural variations between the chemically identical 

parts of each molecule are trivially small. The most significant differences between these 

calculated and crystallographically determined structures are associated with the pitch of the aryl 

moieties in the propeller-like triarylamine fragments, the crystallographic structures displaying 

generally smaller pitch, presumably to better accommodate packing in the solid state. In each 

case, the HOMO is essentially localised along the bis(diarylamino)stilbene fragment, with the 

LUMO more heavily associated with the hexa-3-en-1,5-diyne moiety (Figure 1).  

 

Table 2. Selected bond lengths (Å) from the optimized geometries of 1, [1´]
+
 and 3, and 

crystallographically determined data from 1.  

 

 1 (X-ray) 1 (DFT) [1´]
+
 (DFT) 3 (DFT) 

C1-C1’ 1.365(4) 1.359  1.368 

C1-C1a   1.376  

C1-C2 1.440(3) 1.419 1.418 1.415 

C1a-C2a   1.420  

C2-C3 1.204(3) 1.208 1.208 1.204 

C2a-C3a   1.208  

C3-Si1 1.840(2) 1.837 1.841  

C3a-Si1a   1.843  

C1-C4 1.488(3) 1.484 1.471 1.482 

C1a-C4a   1.469  

C7-N1 1.405(3) 1.401 1.396 1.397 

C7a-N1a   1.385  

N1-C19 1.437(3) 1.417 1.403 1.418 

N1a-C19a   1.422  

N1-C26 1.428(3) 1.417 1.403 1.419 

N1a-C26a    1.422   

 

 



 

Figure 1. Plots of the orbitals (0.02 (e/bohr
3
)
1/2

) of 1 (left) and 3 (right) responsible for the 

spectroscopically observed transitions.  



 

Optical Properties The experimental optical spectra of compounds 1–6 (Figure 2, Table 

3) are each characterized by one (1) or two (2–6) absorption bands below 370 nm. TDDFT 

calculations allowed the assignment of the higher energy (C Table 3, Figure 1) of these bands to 

the stilbene-like -* transition and the lower (B Table 3, Figure 1) to the hexa-3-en-1,5-diyne 

-* transition. In the case of 1 the hexa-3-en-1,5-diyne -* is blue shifted by c. 50 nm and so 

the two -* features overlap and are indistinguishable in the experimental spectrum. Each 

spectrum also exhibits a lower energy band between 434 (1) and 494 (5) nm that can be 

attributed to a charge transfer (CT) transition from the bis(amino)stilbene donor fragment to the 

hexa-3-en-1,5-diyne acceptor (A Table 3, Figure 1). These assignments are consistent with the 

spectra of other bis(diarylamino)stilbenes, such as 16 (Figure S8) and 17,
47,48

 (Chart 1) and E-

hexa-3-en-1,5-diynes,
49

 and supported by the results of TDDFT calculations on 1 and 3 (Table 3, 

Figure S10). The lowest energy absorption band (A) displays sensitivity to the electronic nature 

of the substituent and degree of conjugation in the ‘acceptor’ hexa-3-en-1,5-diyne -system. 

Thus, compound 1 featuring the shortest ene-diyne fragment has the highest energy (shortest 

wavelength) CT transition (434 nm), which shifts to 471 – 494 nm on introduction of the 

phenylene moieties in 2 – 6. Within the series 2 – 6, the CT energy decreases 2 (CCSiMe3) ≈ 4 

(CF3) < 3 (CO2Me) < 6 (CCC5H4N) < 5 (CN), broadly reflecting the electron accepting 

properties of the aryl substituent. 

 

  



Table 3. Apparent band maxima for absorption (1–6, dichloromethane, 20 °C) and fluorescence 

spectra (1–5, 2-methyl THF, –196 °C, excitation at 350 nm). 

 λabs (nm) λem (nm) 

 A B C  

1
a
 434 297 536 

2 471 354 300 579 

3
b
 483 352 300 594 

4 472 337 309 580 

5 494 352 298 604 

6 487 367 296 - 
a
TDDFT calculated transitions:  

A, HOMOLUMO (24967 cm
–1

; μtrans = 6.9 D);  

B, HOMO–2LUMO (32607 cm
–1

; μtrans = 6.2 D);  

C, HOMOLUMO+4 (34126 cm
–1

, μtrans = 6.7).  

b
TDDFT calculated transitions:  

A, (HOMOLUMO, 19662 cm
–1

, μtrans = 6.9 D);  

B, (HOMO–2LUMO, 25682 cm
–1

, μtrans = 10.8 D);  

C, HOMOLUMO+2 (30900 cm
–1

, μtrans = 8.9 D). 

 

 

Figure 2. Absorption spectra of 1–6 in dichloromethane.  

 



Upon excitation, compounds 1–5 display extremely weak fluorescence at room 

temperature in 2-methyl THF.  However, at cryogenic temperatures in the same solvent, the 

fluorescence intensity increases significantly (Figure 3 and Table 3). Irradiation of the solid 

materials 1–5 with a 356 nm UV lamp also gives rise to visible emission (Figure S9). These 

observations are attributed to the reduction of non-radiative decay in the low temperature glasses 

and solid state which are promoted by molecular motion in the solution state, sometimes referred 

to as rigidochromism.
50-52

 Each of the compounds 1–5 exhibit near-identical band shapes in their 

emission spectra, the spectrum of 1 also displaying an additional weak band at ca. 400 nm. All 

the compounds were studied using three different excitation wavelengths (300, 350, and 430 nm 

(1); 300, 350, and 400 nm (2–5)) in order to elucidate which states contribute to the emission. In 

each case the profile and λmax of the excitation spectrum proved to be independent of the 

excitation wavelength. Moreover the good overlap between the excitation and absorption spectra 

confirms that only the states involved in absorption at room temperature are responsible for the 

emission observed at cryogenic temperatures, and confirm that the observed emission is indeed 

fluorescence. In addition, the emission spectra of 2–5 are significantly red shifted relative to that 

of 1. Similarly to the changes observed in the UV-Vis spectra, this red shift of the emission 

spectra also appears to be affected more by the extension of the -system than the electron 

withdrawing effects of the aromatic substituents. For example, the trifluoromethyl (4) and cyano 

(5) groups are comparable electron withdrawing groups with greater electron withdrawing 

properties than the methyl ester group in 3. However, the emission profiles are red-shifted such 

that the emission maxima fall in the order em 4 < 3 < 5  (Table 3, Figure 3). Red shift of 

emission spectra in molecules of this type are associated with lowering the energy of the LUMO 

and possibly the introduction of low-lying (perhaps twisted) CT states from which emission 

occurs.
53

  

 



 

Figure 3. Normalized absorption spectra of 1–5 in dichloromethane (dashed lines) and 

normalized emission spectra of 1–5 in 2-Methyl THF at –196 °C under 350 nm irradiation (solid 

lines).  

 

Spectroelectrochemistry Compounds 1 and 3 were investigated by IR and UV-vis-NIR 

spectroelectrochemical methods in order to explore the influence of oxidation on the physical 

and electronic structure of the cross-conjugated backbone. Whilst 1 is the most structurally 

simple example, compound 3 was chosen as a representative example from the series 2–6 as in 

addition to the extremely weak (CC) (1, 2130 cm
–1

; 3, 2200 cm
–1

)
 
and stronger aryl (C=C) 

(1, 1611sh, 1600; 3 1613sh, 1603 cm
–1

) and (C–H) (1, 1504 cm
–1

; 3, 1505 cm
–1

) bands, 3 offers 

an additional ester reporting group that gives a distinct, well resolved (C=O) band at 1721 cm
–1

 

in the IR spectrum.  

 

  



Table 4. IR data (cm
–1

) obtained spectroelectrochemically for compounds 1 and 3 in 

dichloromethane / 0.1 M NBu4PF6 using an OTTLE cell.
54

 

 (C≡C) (C=O) (C=C) (C–H) 

1 2130 - 1611(sh) 1504 

   1600  

1
+
 

2130 - 
1608, 

1599 
1582 

    1505 

     

1
2+

 2111 - 1601 1503 

   1588  

3 2200 1721 1613(sh) 1505 

   1603  

3
+
 2200 1722 1604 1505 

 2166  1576  

3
2+

 2166 1724 1608 1503 

   1581  

 

IR absorption bands in three characteristic regions are shown for both 1 and 3 ((CC) 

~2150 cm
–1

; (C=C) ~1600 cm
–1

; (C–H)
 
~1500 cm

–1
), with 3 also exhibiting an ester (C=O) 

band at ~1700 cm
–1

 (Table 4, Figure 4). Although the comproportionation constants associated 

with the equilibria 

 

 

 

are small and hence spectra collected by spectroelectrochemical means will be a 

comproportionated mixture of the three redox states, careful monitoring of the 1000 – 7000 cm
–1

 

spectral region allowed spectra containing the maximum equilibrium concentration of the 

monocations to be obtained, as well as the spectra of the dication following exhaustive 

electrolysis of the solution within the electroactive cell volume (Figure 4, Figure S7). 

Interestingly, the effects of one-electron oxidation were not confined to the 

bis(diarylamino)stilbene moiety, with oxidation resulting in a shift of –20 to –35 cm
–1

 in the 

(CC) band (most prominent in the series [3]
n+

) as well as general decreases in the frequency of 



the aryl ring stretching (C=C) and aryl (C–H) modes, although the increase in the (C=O) 

band from 3 to [3]
+
 to [3]

2+
 spans only 3 cm

–1
.  

 

 

Figure 4. IR data obtained spectroelectrochemically for compounds 1 (left) and 3 (right) in 

dichloromethane / 0.1 M NBu4PF6 using an OTTLE
54

 cell plotted against an arbitrary 

transmission scale.  

 

The members of the redox series [1]
n+

 and [3]
n+

 display broadly similar UV-vis-NIR 

absorption bands, indicating similar underlying electronic structures (Figure 5) and the spectra of 

the neutral species have been discussed above. In the comproportionated mixtures of [1]
n+

 and 



[3]
n+

 obtained during electrolysis, a low energy (NIR) band unique to the +1 state was clearly 

observed ([1]
+
, 5685 cm

–1
; [3]

+
, 5590 cm

–1
), which collapses on further exhaustive electrolysis to 

the dications. Similar NIR bands are observed in other formally mixed-valent 

bis(diarylamino)stilbenes,
40,41

 and the observation raises the issue of the most appropriate 

descriptions of the organic mixed-valence systems [1]
+
 and [3]

+
 in terms of localised or 

delocalised electronic structures.
38

 The parent bis(diarylamino)stilbene [16]
+
 has been 

characterised as a delocalised (Class III mixed valence) radical cation, based on the intensity 

( 39500 M
–1

 cm
–1

) and asymmetry (  = 1.40, where  and  

are twice the half-widths on the high and low energy sides of the band) of the NIR (or charge 

resonance) band, and comparison with the values derived from the Hush relationships from a 

two-state model.
40,41

 In the case of [1]
+
 and [3]

+
 the degree of coupling is apparently reduced by 

the introduction of cross-conjugation to the bridging moiety, with the greater symmetry of the 

NIR bands ( : [1]
+
, 1.18; [3]

+
, 1.22) more consistent with values obtained 

from the Class II (valence trapped) alkyne bridged analogue 

[(MeOC6H4)2NC6H4CCC6H4N(C6H4OMe)2]
+
 ([18]

+
) and lending weight to a better description 

of the NIR absorption bands in both [1]
+
 and [3]

+
 as arising from true intervalence charge 

transfer (IVCT) transitions.
40,41

  

  

n 1/2[high]/n 1/2[low]

  

n 1/ 2[high]

  

n 1/ 2[low]

  

n 1/2[high]/n 1/2[low]



 

Figure 5. UV-Vis-NIR data obtained spectroelectrochemically for compounds 1 (upper) and 3 

(lower) in dichloromethane / 0.1 M NBu4PF6 using an OTTLE
54

 cell. 

 

To test the valence-trapped mixed valence description of [1]
+
 and [3]

+
 the solvatochromic 

nature of the NIR band was examined. To avoid complications arising from the high ionic 

strength of the electrolyte solutions, solutions of 1 and 3 in dichloromethane, acetone and 

acetonitrile were titrated with SbCl5 (as a 1M solution in dichloromethane) to give solutions 

containing the mixed-valence radical cations as the [SbCl6]
–
 salts. The significant blue shift of 



the NIR band (Figure 6) in the more polar solvents ([1]
+
: dichloromethane 5685 cm

–1
; acetone 

6911 cm
–1

, acetonitrile 7067 cm
-1

. [3]
+
 dichloromethane 5590 cm

–1
; acetone 6609 cm

–1
, 

acetonitrile 7077 cm
–1

) is consistent with the ca. 2170 cm
–1

 blue shift in the IVCT band of [18]
+
 

in dichloromethane (5760 cm
–1

) versus acetonitrile (7930 cm
–1

).
40,41

 On further oxidation 

([1]
+
 → [1]

2+
 / [3]

+
 → [3]

2+
) the IVCT band collapses, and the spectral features between 10000–

25000 cm
–1

 gain intensity with those associated with the neutral species between 25000–

45000 cm
–1

 losing intensity.  

  



 

 

Figure 6. The NIR spectra of [1]
+
 (upper) and [3]

+
 (lower) obtained by titration of 1 and 

3 respectively with SbCl5 (1 M in dichloromethane) recorded in dichloromethane, acetone and 

acetonitrile. The spectra are plotted against an arbitrary absorbance scale.  

 

  



The optimized structure of the model complex [1´]
+
 exhibits a distinctly asymmetric molecular 

structure, which is most obvious from the elongation of the N–C(aryl) bonds at one nitrogen 

centre (Table 1). Plots of the -SOMO and -LUMO are given in Figure 7, and support the 

localised (Class II) electronic structure inferred from the analysis of the NIR band-shape 

described above. In addition a single IVCT type transition at 6573 cm
–1

 (β-SOMOβ-LUMO, 

μtrans = 11.3 D) was calculated for [1´]
+
 which compares well with the experimentally observed 

values ([1]
+
, 5685 cm

–1
; [3]

+
, 5590 cm

–1
) and provides additional evidence for the assignment of 

these complexes as localised mixed valence systems. It therefore appears that in contrast to the 

parent bis(diarylamino)stilbene radical cation ([16]
+
), for which an extensively delocalised 

electronic structure has been proposed on the basis of both NIR band shape analysis and 

electronic structure calculation, the introduction of the extended, cross-conjugated molecular 

backbone leads to a more localised (Class II organic mixed valence) electronic structure.  



 

Figure 7. A plot of the -LUMO (upper) and the -SOMO of [1´]
+
 (lower) (0.02 (e/bohr

3
)
1/2

) 

 

Conclusions 

A robust synthetic approach to a compact cross-conjugated framework based on an (E)- 

hexa-3-en-1,5-diyne skeleton has been developed. Compounds 1, 2 and 11 can function as 

building blocks for a variety of related compounds being easily functionalised through common 

palladium catalysed cross coupling methods. The electronic and spectroscopic properties of the 

donor-acceptor ‘X’ shaped systems 1–6 are sensitive to changes in the electronic nature of the 

substituents along the hexa-3-en-1,5-diyne fragment. In addition the spectroelectrochemical 

investigations presented herein demonstrate that redox state changes in the bis(amino)stilbene 

moiety affect the entire cross-conjugated molecular backbone. This property could prove 

particularly useful in the field of molecular electronics as the wire-like (E)-hexa-3-en-1,5-diyne 

moiety could be ‘switched’ by oxidation or reduction of the triarylamine moieties. Furthermore, 



the clear presence of three distinct acetylene signals on oxidation of 1 and 3 (1 → 1
+
 → 1

2+
 and 

3 → 3
+
 → 3

2+
) hints at the possibility of a three-state molecular switch allowing steps to be taken 

towards three-step logic in molecular electronics. Investigations into the behaviour of 

compounds 2 and 6 in nanoscale electronic junctions are currently in progress.  

 

Experimental Section 

 

General Procedures. All reactions were carried out under dry nitrogen. Reaction workup was 

carried out in air with no specific precautions against oxygen or moisture, unless otherwise 

stated. Solvents were either distilled over sodium/benzophenone (tetrahydrofuran) or calcium 

sulphate (triethylamine) and stored under dry nitrogen, or used as received. The petroleum ether 

used was from the fraction boiling between 40–60 °C. The compounds Pd(PPh3)4,
55

 Pd2(dba)3
56

 

4-iodo(trimethylsilylethynyl)benzene,
57

 4-((4-iodophenyl)ethynyl)pyridine,
58

 13,
25

 15,
59

 and 16
40

 

were synthesized according to literature procedures. Unless otherwise indicated, all other 

reagents were commercially available and used as received. NMR spectroscopy was carried out 

using 700, 600 and 400 MHz instruments and the spectra were referenced relative to internal 

solvent resonances (
1
H and 

13
C)

60
 external CF3C6H5 (

19
F  = –63.72 ppm) or external 

tetramethylsilane (
29

Si  = 0.0 ppm). Assignment of the 
1
H and 

13
C NMR data was supported by 

gradient selected 
13

C, 
1
H HMQC and HMBC experiments. FT-IR spectra of solids were recorded 

from solutions in dichloromethane in a calcium fluoride cell, the FT-IR spectra of oils were 

recorded neat between sodium chloride discs. Fluorescence spectra were measured in a 

cylindrical quartz cuvette at 77 °K frozen in a glass of 2-methyl tetrahydrofuran and at ambient 

temperature in the same solvent. Each sample was investigated using three different excitation 

wavelengths (300, 350, and 430 nm (1); 300, 350, and 400 nm (2–5)). Mass spectrometry was 

carried out employing ASAP (APCI) or ESI ionization techniques. High-resolution mass 

spectrometry (HRMS) was carried out using ESI-FTICR or ESI-TOF techniques. UV-Vis 

measurements were performed using solutions in dichloromethane in a 1 mm quartz cuvette. 

Cyclic voltammetry was carried out with a with a platinum disc working electrode, a platinum 

wire counter electrode, and a platinum wire pseudo-reference electrode, from solutions in 

dichloromethane containing 0.1 M NBu4PF6 as the electrolyte. Measurements with ν = 100, 200, 

400 and 800 mV.s
–1

 showed that the ratio of the anodic to cathodic peak currents varied linearly 



as a function of the square root of scan rate in all cases. The 

decamethylferrocene/decamethylferrocinium (FeCp*2/[FeCp*2]
+
) couple was used as an internal 

reference for potential measurements such that the couple falls at –0.55 V relative to external 

FeCp2/[FeCp2]
+
 at 0.00 V.

61
 FT-IR and UV-Vis-NIR spectroelectrochemistry was conducted 

with solutions in dichloromethane containing 0.1 M NBu4PF6 as the electrolyte and ~ 1 mg / mL 

of analyte using an OTTLE cell of Hartl
54

 design and electrolysis in the cell was performed using 

a computer controlled potentiostat.  

 

(E)-4,4'-(1,6-bis(tri-isopropylsilyl)hexa-3-en-1,5-diynyl)bis(N,N-bis(4-

methoxyphenyl)aniline) (1).  

A mixture of 10 (2.14 g, 3.07 mmol), 15 (1.39 g, 7.05 mmol), Pd2(dba)3 (84.0 mg, 9.20 mmol), 

2-(di-tert-butylphosphino)biphenyl (101 mg, 337 μmol), potassium tert-butoxide (1.06 g, 

11.0 mmol) and toluene (25 mL) was heated at reflux for 15 h, allowed to cool to ambient 

temperature, diluted with toluene (20 mL) and filtered. The solvent of the filtrate was removed 

under reduced pressure and the resulting brown residue was purified by flash column 

chromatography (eluent: petroleum ether/ethyl acetate (90:10 (v/v))). Concentration of the 

appropriate fractions (TLC analysis) gave an orange solid which was dissolved in the minimum 

volume of dichloromethane and diluted with methanol until solid began to precipitate, sufficient 

dichloromethane was added to re-dissolve all the solid and the solution was cooled to –25C 

overnight affording 1, as a bright yellow-orange crystalline solid, which was recovered by 

filtration, in 60% yield (1.82 g, 1.83 mmol). 
1
H NMR (599.7 MHz CDCl3): δ 1.01–1.02 (m, 

42 H, Si(CH(CH3)2), 3.80 (s, 12 H, OCH3), 6.82–6.85 (m, 12 H, C=C-C6H4 and C6H4OCH3), 

7.05–7.07 (m, 8 H, C6H4OCH3), 7.73–7.75 (m, 4 H, C=C-C6H4). 
29

Si{
1
H} NMR (139.0 MHz, 

CDCl3): δ –2.5. FT-IR (CH2Cl2): ν = 1505 (C–H), 1600 (C=C), 2131 (C≡C). ESI-MS: m/z (%) 

995 (10) [M
+
], 335 (100). Anal. Calcd for C64H78N2O4Si2: C, 77.22; H, 7.90; N, 2.81. Found C, 

77.20; H, 7.84; N, 2.77. HRMS (ESI-FTICR) m/z: [M]
+
 Calcd for C64H78O4N2Si2 994.54946; 

Found 994.55088. Signal broadening affected the NMR characterization of 1 (see 
1
H NMR 

spectrum in ESI) and a satisfactory 
13

C{
1
H} NMR spectrum could not be obtained. This may be 

due to steric congestion between the triisopropyl silyl and triarylamine groups resulting in 

restricted rotation about the C-N bond coupled with slow inversion at the nitrogen center. A 



single crystal of 1 suitable for X-ray diffraction studies was grown by layer diffusion of ethanol 

into a solution of 1 in dichloromethane. 

 

(E)-4,4'-(1,6-bis(4-((trimethylsilyl)ethynyl)phenyl)hexa-3-en-1,5-diyne-3,4-diyl)bis(N,N-

bis(4-methoxyphenyl)aniline) (2). 

A solution of tetrabutyl ammonium fluoride in tetrahydrofuran (1.0 M, 2.27 mL, 869 μmol of 

n-Bu4NF) was added to a stirred solution of 1 (393 mg, 395 μmol) in tetrahydrofuran (15 mL). 

The resulting mixture was stirred for 15 min at ambient temperature and diluted with 

dichloromethane (30 mL) and water (20 mL), the organic phase was separated, dried over 

magnesium sulphate, filtered and concentrated to yield a bright yellow solid. This solid was 

immediately dissolved in a mixture of dichloromethane (20 mL) and triethylamine (10 mL) and 

the mixture was sparged with nitrogen for 20 min followed by addition of Pd(PPh3)4 (16.8 mg, 

15.8 μmol), copper(I)iodide (3.00 mg, 15.8 μmol) and 4-iodo(trimethylsilylethynyl)benzene
57

 

(261 mg, 869 μmol). This mixture was stirred at ambient temperature for 18 h then concentrated 

to dryness under reduced pressure. The residue was purified by flash column chromatography 

(eluent: petroleum ether/ethyl acetate (gradient elution, 90:10 → 80:20 → 70:30 (v/v))). 

Concentration of the relevant fractions (TLC control) and recrystallization from absolute ethanol 

afforded 2 as a bright orange microcrystalline solid in 55% yield (224 mg, 218 μmol). 
1
H NMR 

(400.1 MHz CD2Cl2): δ 0.25 (s, 18 H, Si(CH3)3), 3.80 (s, 12 H, OCH3), 6.87 (δA) and 7.11 (δB) 

(AA’BB’ system, 
3
JA-B = 9.4 Hz, 

4
JA-A’, B-B’ = 2.2 Hz, 16 H, C6H4OCH3), 6.93 (δA) and 7.78 (δB) 

(AA’BB’ system, 
3
JA-B = 8.4 Hz, 

4
JA-A’, B-B’ = 1.6 Hz, 8 H, C6H4–C=C), 7.26 (δA) and 7.38 (δB) 

(AA’BB’ system, 
3
JA-B = 8.9 Hz, 

4
JA-A’, B-B’ = 1.4 Hz, 8 H, C6H4–C≡C). 

13
C{

1
H} NMR (100.6 

MHz, CD2Cl2): δ –0.06 (Si(CH3)3), 55.9 (OCH3), 94.0 (C=C–C≡C), 97.0 (Si–C≡C), 98.1 (C6H4–

C≡C), 104.8 (C6H4–C≡C), 115.1 (C-3/C-5 C6H4OCH3), 119.1 (C-2/C-6, C6H4–C=C), 123.4 (C-1 

or C-4, C6H4–C≡C), 123.9 (C-1 or C-4, C6H4–C≡C), 126.9 (C=C), 127.4 (C-2/C-6 C6H4OCH3), 

130.3 (C-3/C-5, C6H4–C=C), 130.7 (C-4, C6H4–C=C), 131.5 (C-H, C6H4–C≡C) 132.2 (C-H, 

C6H4–C≡C), 140.9 (C-1 C6H4OCH3), 149.4 (C-1, C6H4–C=C), 156.8 (C-4 C6H4OCH3). 
29

Si{
1
H} 

NMR (139.0 MHz, CD2Cl2): δ –17.4. FT-IR (CH2Cl2): ν 1505 (C–H), 1602 (C=C), 2149 (C≡C), 

2158 (C≡C). APCI-MS: m/z (%) 1027 (84) [M
+
], 214 (100). HRMS (ESI-TOF) m/z: [M + H]

+
 

Calcd for C68H63N2O4Si2 1027.4326; Found 1027.4303. 

 



General Procedure for the Synthesis of 3–6. 

A solution of tetrabutyl ammonium fluoride in tetrahydrofuran (1.0 M, 578 μL, 221 μmol of 

n-Bu4NF) was added to a stirred solution of 1 (100 mg, 100 μmol) in tetrahydrofuran (10 mL). 

The resulting mixture was stirred for 15 min at ambient temperature and diluted with 

triethylamine (5 mL) followed by addition of Pd(PPh3)4 (4.27mg, 4.02 μmol), copper(I)iodide 

(1.00 mg, 5.27 μmol) an appropriate 4-iodobenzene derivative (2.2 eq., 221 μmol) and water 

(100 μL). This mixture was stirred at ambient temperature for 18 h then concentrated to dryness 

under reduced pressure. The residue was dissolved in dichloromethane and precipitated with 

methanol to afford the product, which was recovered by filtration and dried in air.  

 

(E)-dimethyl 4,4'-(3,4-bis(4-(bis(4-methoxyphenyl)amino)phenyl)hexa-3-en-1,5-diyne-1,6-

diyl)dibenzoate (3). 

Bright red powder 62% (59.0 mg, 62.0 μmol). 
1
H NMR (400.1 MHz CD2Cl2): δ 3.80 (s, 12 H, 

C6H4OCH3), 3.89 (s, 6 H, COOCH3), 6.88 (δA) and 7.12 (δB) (AB system, 
3
JA-B = 9.5 Hz, 16 H, 

C6H4OCH3), 6.93 (δA) and 7.40 (δB) (AB system, 
3
JA-B = 8.5 Hz, 8 H, C6H4–C=C), 7.79 (δA) and 

7.96 (δB) (AB system, 
3
JA-B = 7.9 Hz, 8 H, C6H4COOCH3). 

13
C{

1
H} NMR (100.6 MHz, 

CD2Cl2): δ 52.5 (COOCH3), 55.9 (OCH3), 94.8 (C=C–C≡C), 97.8 (C=C–C≡C), 115.1 (C-3/C-5 

C6H4OCH3), 119.1 (C-2/C-6, C6H4–C=C), 127.3 (C-1, C6H4COOCH3), 127.5 (C-2/C-6 

C6H4OCH3), 128.3 (C=C), 129.8 (C-H, C6H4COOCH3), 130.1 (C-4, C6H4COOCH3), 130.4 (C-

3/C-5, C6H4–C=C), 130.7 (C-4, C6H4–C=C), 131.5 (C-H, C6H4COOCH3), 140.8 (C-1 

C6H4OCH3), 149.6 (C-1, C6H4–C=C), 156.9 (C-4 C6H4OCH3), 166.6 (COOCH3). FT-IR 

(CH2Cl2): ν 1504 (C–H), 1603 (C=C), 1720 (C=O), 2198 (C≡C). APCI-MS: m/z (%) 951 (32) 

[M
+
], 257 (100). HRMS (ESI-TOF) m/z: [M]

+
 Calcd for C62H50N2O8 950.3567; Found 950.3549. 

 

(E)-4,4'-(1,6-bis(4-(trifluoromethyl)phenyl)hexa-3-en-1,5-diyne-3,4-diyl)bis(N,N-bis(4-

methoxyphenyl)aniline) (4). 

Bright red powder 74% (72.3 mg, 74.5 μmol). 
1
H NMR (400.1 MHz CD2Cl2): δ 3.80 (s, 12 H, 

OCH3), 6.87 (δA) and 7.12 (δB) (AA’BB’ system, 
3
JA-B = 8.7 Hz, 

4
JA-A’, B-B’ = 2.9 Hz, 16 H, 

C6H4OCH3), 6.93 (δA) and 7.79 (δB) (AA’BB’ system, 
3
JA-B = 8.4 Hz, 

4
JA-A’, B-B’ = 1.9 Hz, 8 H, 

C6H4–C=C), 7.45 (m, 4 H, C6H4CF3), 7.57 (m, 4 H, C6H4–C≡C). 
13

C{
1
H} NMR (100.6 MHz, 

CD2Cl2): δ 55.9 (OCH3), 94.2 (C=C–C≡C), 97.0 (C=C–C≡C), 115.1 (C-3/C-5 C6H4OCH3), 



119.0 (C-2/C-6, C6H4–C=C), 124.4 (q, 
1
JC-F = 273 Hz, CF3), 125.7 (q, 

3
JC-F = 3.7 Hz, C-3/C-5, 

C6H4CF3), 127.2 (C-1, C6H4CF3), 127.5 (C-2/C-6 C6H4OCH3), 127.7 (m, C-2/C-6, C6H4CF3), 

130.2 (C=C), 130.3 (C-3/C-5, C6H4–C=C), 131.9 (C-4, C6H4–C=C), 140.8 (C-1 C6H4OCH3), 

149.6 (C-1, C6H4–C=C), 156.9 (C-4 C6H4OCH3), C-4 C6H4CF3 not observed. 
19

F NMR (376.5 

MHz, CD2Cl2): δ –63.1. FT-IR (CH2Cl2): ν 1504 (C–H), 1603 (C=C), 2202 (C≡C). APCI-MS: 

m/z (%) 971 (100) [M
+
]. HRMS (ESI-TOF) m/z: [M]

+
 Calcd for C60H44F6N2O4 970.3205; Found 

970.3199. 

 

(E)-4,4'-(3,4-bis(4-(bis(4-methoxyphenyl)amino)phenyl)hexa-3-en-1,5-diyne-1,6-

diyl)dibenzonitrile (5). 

Burgandy powder 83% (73.6 mg, 83.0 μmol). 
1
H NMR (400.1 MHz CD2Cl2): δ 3.80 (s, 12 H, 

C6H4OCH3), 6.88 (δA) and 7.12 (δB) (AA’BB’ system, 
3
JA-B = 8.1 Hz, 

4
JA-A’, B-B’ = 2.2 Hz, 16 H, 

C6H4OCH3), 6.92 (δA) and 7.75 (δB) (AA’BB’ system, 
3
JA-B = 8.8 Hz, 

4
JA-A’, B-B’ = 2.2 Hz, 8 H, 

C6H4–C=C), 7.41 (δA) and 7.60 (δB) (AA’BB’ system, 
3
JA-B = 9.2 Hz, 

4
JA-A’, B-B’ = 2.2 Hz, 8 H, 

C6H4C≡N). 
13

C{
1
H} NMR (100.6 MHz, CD2Cl2): δ 55.9 (OCH3), 95.9 (C≡N), 97.0 (C=C–C≡C), 

100.4 (C=C–C≡C), 112.0 (C-4, C6H4C≡N), 115.2 (C-3/C-5 C6H4OCH3), 119.1 (C-2/C-6, C6H4–

C=C), 127.4 (C-1, C6H4C≡N), 127.5 (C-2/C-6 C6H4OCH3), 128.4 (C-4, C6H4–C=C), 130.0 

(C=C), 130.3 (C-3/C-5, C6H4–C=C), 132.1 (C-H, C6H4C≡N), 132.5 (C-H, C6H4C≡N), 140.6 (C-

1 C6H4OCH3), 149.7 (C-1, C6H4–C=C), 156.9 (C-4 C6H4OCH3). FT-IR (CH2Cl2): ν 1505 (C–H), 

1602 (C=C), 2200 (C≡C), 2230 (C≡N).  ESI-MS: m/z (%) 884 (75) [M
+
], 279 (100). HRMS 

(ESI-FTICR) m/z: [M]
+
 Calcd for C60H44N4O4 884.33571; Found 884.33720. 

 

(E)-4,4'-(1,6-bis(4-(pyridin-4-ylethynyl)phenyl)hexa-3-en-1,5-diyne-3,4-diyl)bis(N,N-bis(4-

methoxyphenyl)aniline) (6). 

Bright red powder 85% (88.6 mg, 85.4 μmol). 
1
H NMR (400.1 MHz CD2Cl2): δ 3.80 (s, 12 H, 

OCH3), 6.88 (δA) and 7.12 (δB) (AA’BB’ system, 
3
JA-B = 8.3 Hz, 

4
JA-A’, B-B’ = 2.9 Hz, 16 H, 

C6H4OCH3), 6.94 (δA) and 7.80 (δB) (AA’BB’ system, 
3
JA-B = 8.3 Hz, 

4
JA-A’, B-B’ = 1.5 Hz, 8 H, 

C6H4–C=C), 7.35 (δA) and 7.51 (δB) (AA’BB’ system, 
3
JA-B = 8.5 Hz, 

4
JA-A’, B-B’ = 1.7 Hz, 8 H, 

C6H4–C≡C), 7.39 (m, 4 H, H-3/H-5, C5H4N), 8.60 (m, 4 H, H-2/H-6, C5H4N). 
13

C{
1
H} NMR 

(100.6 MHz, CD2Cl2): δ 55.5 (OCH3), 88.6 (C=C–C≡C), 93.2 (C6H4–C≡C), 94.0 (C6H4–C≡C), 

97.6 (C5H4N–C≡C), 114.7 (C-3/C-5 C6H4OCH3), 118.7 (C-2/C-6, C6H4–C=C), 121.9 (C-1 or C-



4, C6H4–C≡C), 124.2 (C-1 or C-4, C6H4–C≡C), 125.4 (C-3/C-5 C5H4N), 126.6 (C=C), 127.0 (C-

2/C-6 C6H4OCH3), 129.9 (C-3/C-5, C6H4–C=C), 130.2 (C-4, C6H4–C=C), 131.2 (C-H, C6H4–

C≡C) 131.8 (C-H, C6H4–C≡C), 140.4 (C-1 C6H4OCH3), 149.0 (C-2/C-6 C5H4N), 149.9 (C-1, 

C6H4–C=C), 156.4 (C-4 C6H4OCH3), C-4 (C5H4N) not observed. FT-IR (CH2Cl2): ν 1505 (C–H), 

1600 (C=C), 2198 (C≡C), 2220 (C≡C). ESI-MS: m/z (%) 1037 (12) [M + H]
+
, 611 (90), 214 

(100). HRMS (ESI-TOF) m/z: [M + H]
+
 Calcd for C72H53N4O4 1037. 40613; Found 1037.40651. 

 

Alternative Synthesis of (E)-4,4'-(1,6-bis(4-(pyridin-4-ylethynyl)phenyl)hexa-3-en-1,5-

diyne-3,4-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) (6). 

A solution of tetrabutyl ammonium fluoride in tetrahydrofuran (1.0 M, 588 μL, 225 μmol of 

n-Bu4NF) was added to a stirred solution of 2 (100 mg, 97.0 μmol) in tetrahydrofuran (10 mL). 

The resulting mixture was stirred for 15 min at ambient temperature, and Pd(PPh3)4 (4.14 mg, 

3.89 μmol), copper(I)iodide (1.00 mg, 5.25 μmol), 4-iodopyridine (44.0 mg, 97.0 μmol) and 

water (100 μL) were added. This mixture was stirred at ambient temperature for 2 h then 

concentrated to dryness under reduced pressure. The residue dissolved in dichloromethane 

(4 mL) and precipitated by addition of methanol (20 mL), the precipitate was isolated by 

filtration affording 6 as a bright red powder in 90% yield (90.5 mg, 87.3 μmol). All analytical 

data were identical to those given above. A single crystal of 6 suitable for X-Ray diffraction 

studies was grown by slow evaporation of a solution in d2-dichloromethane.  

 

(E)-3,4-Bis(4-bromophenyl)-1,6-bis(trimethylsilyl)hexa-3-en-1,5-diyne (E-9). 

Bromine (1.35 g, 8.47 mmol of Br2) was added dropwise at 0 °C to a stirred solution of 

triphenylphosphine (2.32 g, 8.83 mmol) in dichloromethane (27 mL). A solution of compound 

13 (2.00 g, 7.06 mmol) and imidazole (577 mg, 8.47 mmol) in dichloromethane (15 mL) was 

added to the solution of bromine triphenylphosphine complex via cannula at 0 °C. Subsequently, 

the reaction mixture was allowed to warm to ambient temperature, stirred for 3 h at this 

temperature and concentrated in vacuo. Diethyl ether (35 mL) was added to the residue and the 

flask was placed into an ultrasound bath until a homogeneous beige precipitate in a pale yellow 

solution was obtained. The precipitate was removed by filtration and discarded. The filtrate was 

concentrated under reduced pressure, hexanes (35 mL) were added to the residue and the flask 

was once again placed into an ultrasound bath until a homogeneous white precipitate in a pale 



yellow solution was obtained. The precipitate was removed by filtration and the filtrate 

concentrated to yield 1-bromo-1-(4-bromophenyl)-3-(trimethylsilyl)prop-2-yne (7) in 89% yield 

(2.19 g, 6.30 mmol) as a yellow oil. 
1
H NMR (400.1 MHz CDCl3): δ 0.23 (s, 9 H, Si(CH3)3, 5.66 

(s, 2 H, CHBr), 7.43–7.52 (m, 4 H, C6H4Br). 
13

C{
1
H} NMR (175.9 MHz, CDCl3): δ 0.1 

(Si(CH3)3), 36.3 (CHBr), 96.2 (C≡C-Si), 101.9 (C≡C-Si), 123.5 (C-1, C6H4), 129.8 (C-2/C-6, 

C6H4), 132.5 (C-3/C-5, C6H4), 138.4 (C-4, C6H4).  

 

A solution of n-butyllithium in hexanes (2.17 mL, 1.6 M, 3.47 mmol of n-BuLi) was added in a 

single portion to a solution of bis(trimethylsilyl)amine (510 mg, 3.18 mmol) in tetrahydrofuran 

(6 mL) at –10 °C. The resulting mixture was stirred for 10 min at –10 °C followed by addition of 

hexamethylphosphoric triamide (HMPA, 569 mg, 3.18 mmol), this mixture was taken up in a 

syringe and added dropwise by means of a mechanical syringe pump (flow rate 75.0 μLmin
–1

) to 

a solution of 7 (1.00 g, 2.89 mmol) in tetrahydrofuran (12 mL) at –85 °C. Following completion 

of the addition the mixture was stirred at –85 °C for 10 min before being poured without 

warming onto a mixture of ice (20 g) and saturated aqueous ammonium chloride solution 

(30 mL). The resulting mixture was allowed to warm to ambient temperature and extracted with 

diethyl ether (3 × 20 mL), the combined organic extracts were then washed sequentially with 

cold (0 °C) hydrochloric acid (1 M, 40 mL), water (20 mL), saturated aqueous sodium hydrogen 

carbonate solution (20 mL) and brine (20 mL), dried over magnesium sulphate, filtered and 

concentrated under reduced pressure to afford a brown solid. This solid was purified by column 

chromatography (eluent: petroleum ether) to yield E-9 in 32% yield (243 mg, 458 μmol) as a 

white crystalline solid along with a mixture of E-9 and Z-9 in a 1:5 ratio (50%, 381 mg, 

718 μmol). E/Z assignments were confirmed by XRD analysis of a crystal of the E isomer (See 

SI, Fig. S5). 
1
H NMR E-isomer (599.8 MHz CDCl3): δ 0.13 (s, 18 H, Si(CH3)3), 7.48 (δA) and 

7.72 (δB) (AA’BB’ system, 
3
JA-B = 8.4 Hz, 

4
JA-A’, B-B’ = 1.4 Hz, 4 H, C6H4Br). 

13
C{

1
H} NMR E-

isomer (150.8 MHz, CDCl3): δ 0.3 (Si(CH3)3), 104.5 (C≡C-C=C), 106.7 (C≡C-C=C), 122.6 (C-1, 

C6H4Br), 128.5 (C=C), 130.9 (C-2/C-3/C-5/C-6, C6H4Br), 137.3 (C-4, C6H4Br). 
29

Si{
1
H} NMR 

E-isomer (139.0 MHz, CDCl3): δ –17.1. FT-IR (CH2Cl2): ν = 1489 (C–H), 2135 (C≡C). EI-MS: 

m/z (%) 530 (15) [M
+
], 73 (100). Anal. Calcd for C24H26Br2Si2: C, 54.34; H, 4.94. Found C, 

54.13; H, 5.09. A single crystal of 9 suitable for X-ray diffraction studies was grown by slow 

evaporation of a solution in dichloromethane.  



 

(E)-3,4-Bis(4-bromophenyl)-1,6-bis(tri-isopropylsilyl)hexa-3-en-1,5-diyne (10). 

Bromine (1.04 g, 6.53 mmol of Br2) was added dropwise at 0 °C to a stirred solution of 

triphenylphosphine (1.79 g, 6.81 mmol) in dichloromethane (21 mL). A solution of compound 

14 (2.00 g, 5.44 mmol) and imidazole (445 mg, 6.53 mmol) in dichloromethane (7 mL) was 

added to the solution of bromine triphenylphosphine complex via cannula at 0 °C. Subsequently, 

the reaction mixture was allowed to warm to ambient temperature, stirred for 3 h at this 

temperature and concentrated in vacuo. Diethyl ether (20 mL) was added to the residue and the 

flask was placed into an ultrasound bath until a homogeneous beige precipitate in a pale yellow 

solution was obtained. The precipitate was removed by filtration and discarded. The filtrate was 

concentrated under reduced pressure, hexanes (30 mL) were added to the residue and the flask 

was once again placed into an ultrasound bath until a homogeneous white precipitate in a pale 

yellow solution was obtained. The precipitate was removed by filtration and the filtrate 

concentrated to yield 1-bromo-1-(4-bromophenyl)-3-(tri-isopropylsilyl)prop-2-yne (8) in 98% 

yield (2.31 g, 5.37 mmol) as a pale yellow oil. 
1
H NMR (699.7 MHz CDCl3): δ 1.09–1.11 (m, 

21 H, Si(CH(CH3)2), 5.70 (s, 2 H, CHBr), 6.00–7.51 (m, 4 H, C6H4Br). 
13

C{
1
H} NMR (175.9 

MHz, CDCl3): δ 11.3 (Si(CH(CH3)2), 18.7 (Si(CH(CH3)2), 36.2 (CHBr), 93.1 (C≡C-Si), 103.5 

(C≡C-Si), 123.1 (C-1, C6H4), 129.5 (C-2/C-6, C6H4), 132.1 (C-3/C-5, C6H4), 138.4 (C-4, C6H4). 

29
Si{

1
H} NMR (139.0 MHz, CDCl3): δ −1.1. — FT-IR (neat) ν = 2172 (C≡C).  

 

A solution of n-butyllithium in hexanes (2.59 mL, 2.5 M, 6.47 mmol of n-BuLi) was added in a 

single portion to a solution of bis(trimethylsilyl)amine (951 mg, 5.93 mmol) in tetrahydrofuran 

(11 mL) at –10 °C. The resulting mixture was stirred for 20 min at –10 °C followed by addition 

of hexamethylphosphoric triamide (HMPA, 1.06 g, 5.93 mmol), this mixture was taken up in a 

syringe and added dropwise by means of a mechanical syringe pump (flow rate 70.0 μLmin
–1

) to 

a solution of 8 (2.32 g, 5.39 mmol) in tetrahydrofuran (22 mL) at –78 °C. Following completion 

of the addition the mixture was stirred at –78 °C for 10 min before being poured without 

warming onto a mixture of ice (20 g) and saturated aqueous ammonium chloride solution 

(30 mL). The resulting mixture was allowed to warm to ambient temperature and extracted with 

diethyl ether (4 × 20 mL), the combined organic extracts were then washed sequentially with 

cold (0 °C) hydrochloric acid (1 M, 40 mL), water (20 mL), saturated aqueous sodium hydrogen 



carbonate solution (20 mL) and brine (20 mL), dried over magnesium sulphate, filtered and 

concentrated under reduced pressure to afford a pale yellow solid. This solid was recrystallized 

from boiling ethanol (abs.) to yield 10 in 56% yield as white needles. E/Z assignments were 

confirmed by XRD analysis of a crystal of the E isomer (See SI, Fig. S6). 
1
H NMR (699.7 MHz 

CDCl3): δ 0.99–1.01 (m, 42 H, Si(CH(CH3)2), 7.46 (δA) and 7.75 (δB) (AA’BB’ system, 
3
JA-B = 

8.6 Hz, 
4
JA-A’, B-B’ = 1.9 Hz, 8 H, C6H4Br). 

13
C{

1
H} NMR (175.9 MHz, CDCl3): δ 11.4 

(Si(CH(CH3)2), 18.7 (Si(CH(CH3)2), 103.9 (C≡C-C=C), 106.3 (C≡C-C=C), 122.4 (C-1, C6H4Br), 

128.7 (C=C), 130.9 and 131.0 (C-2/C-3/C-5/C-6, C6H4Br), 137.9 (C-4, C6H4Br). 
29

Si{
1
H} NMR 

(139.0 MHz, CDCl3): δ –1.7. FT-IR (Nujol) ν = 1461 (C–H), 2125 (C≡C).  APCI-MS: m/z (%) 

698 (100) [M
+
]. Anal. Calcd for C36H50Br2Si2: C, 61.88; H, 7.21. Found C, 61.73; H, 7.29. 

HRMS (ESI-TOF) m/z: [M]
+
 Calcd for C36H50Br2Si2 696.1818; Found 696.1811. A single 

crystal of 10 suitable for X-ray diffraction studies was grown by slow evaporation of a solution 

in dichloromethane. 

 

1-(4-Bromophenyl)-3-(tri-isopropylsilyl)prop-2-yn-1-ol (14).  

A solution of n-butyllithium in hexanes (24.2 mL, 1.6 M, 38.6 mmol of n-BuLi) was added in 

approximately 5 mL portions over a period of 5 min to a solution of 4-bromobenzaldehyde 

(5.50 g, 29.7 mmol) and 12 (5.96 g, 32.7 mmol) in tetrahydrofuran (50 mL) at –78 °C. The 

reaction mixture was then stirred for 1 h at –78 °C, allowed to warm to ambient temperature and 

stirred for 16 h at this temperature. Subsequently, a saturated aqueous solution of ammonium 

chloride (50 mL) was added followed by ethyl acetate (30 mL), the aqueous phase was 

separated, extracted with ethyl acetate (2 × 30 mL) and discarded. Washing of the combined 

organic extracts with brine (2 × 50 mL), drying over magnesium sulphate, filtration and 

concentration under reduced pressure gave a pale yellow oil. This oil was purified by bulb-to-

bulb distillation under reduced pressure (6×10
–2

 mbar, 120–200 °C) to afford 14 in 52% yield 

(5.75 g, 15.6 mmol) as a colorless, viscous oil. 
1
H NMR (599.6 MHz CDCl3): δ 1.08–1.09 (m, 

21 H, Si(CH(CH3)2), 7.45 (δA) and 7.51 (δB) (AA’BB’ system, 
3
JA-B = 8.2 Hz, 

4
JA-A’, B-B’ = 1.9 

Hz, 4 H, C6H4Br). 
13

C{
1
H} NMR (150.8 MHz, CDCl3): δ 11.3 (Si(CH(CH3)2), 18.7 

(Si(CH(CH3)2), 64.6 (CHOH), 88.7 (C≡C-Si), 106.5 (C≡C-Si), 122.5 (C-1, C6H4Br), 128.6 (C-

2/C-6, C6H4Br), 131.8 (C-3/C-5, C6H4Br), 139.7 (C-4, C6H4Br). 
29

Si{
1
H} NMR (139.0 MHz, 

CDCl3): δ –1.7. FT-IR (neat) ν = 2170 (C≡C), 3328 (O-H). EI-MS: m/z (%) 368 (18) [M
+
], 325 



(22) [M
+
 – CH(CH3)], 267 (100). Anal. Calcd for C18H27OBrSi: C, 58.85; H, 7.41. Found C, 

58.72; H, 7.28. 

 

Computational Details. Structure optimizations as well as bonding analyses were 

performed with TURBOMOLE 6.4.
62

 All DFT calculations reported in the paper were performed 

with the global hybrid functional BLYP35.
45,46,63,64

 This exchange-correlation functional was 

constructed according to 

880.65( ) 0.35LDSA B exact LYP

XC X X X CE E E E E    .  

While not a thermochemically optimized functional, BLYP35 has been shown to provide 

good agreement with ground- and excited-state experimental data for organic mixed-valence 

systems,
45,46,64-66

 as well as for mixed-valence transition-metal complexes.
63,67,68

 Since all 

experiments were carried out in dichloromethane (permittivity ε = 8.93), it has been modeled by 

the conductor-like screening solvent model (COSMO)
69

 in TURBOMOLE 6.4. For all 

calculations def2-TZVP basis sets were employed.
70

 Spin-density isosurface plots were obtained 

with the Molekel program.
71

  

Subsequent TDDFT calculations of the lowest-energy electronic transitions (IVCT 

bands) were done with the Gaussian 09 program,
72

 using the same functional and basis sets.
70

 In 

the Gaussian 09 calculations, solvent effects have been included by the CPCM keyword,
73

 which 

denotes the polarizable continuum model that is closest to the COSMO model used in the 

optimizations. TURBOMOLE 6.4 was also used for TDDFT calculations. However, the 

Gaussian 09 results for 1 and 3 were consistently closer to experiment (differences are due to 

cavity construction and, in particular, treatment of non-equilibrium solvation in the two codes). 

Therefore, only these results are reported here. 
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