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Pyridyl-Endcapped Polyynes: Stabilized Wire-like Molecules

Maximilian Krempe, Rainer Lippert, Frank Hampel, Ivana Ivanovi¢-Burmazovié¢, Norbert Jux,

and Rik R. Tykwinski*

Abstract: A 4-ethynylpyridyl derivative with sterically shield-
ing phenyl groups in the 3- and 5-positions has been
synthesized and used to terminate a series of polyynes. This
approach allows for the synthesis of stable polyynes up to an
octayne, twice as long as previous accessible for “unstabilized”
pyridyl-endcapped polyynes. The potential of these polyynes as
wire-like linkers to metal centers is demonstrated by axial
coordination of pyridyl groups to zinc- and ruthenium-metal-
loporphyrins.

M olecular wires typically feature a rigid, conjugated
structure that can facilitate electron transport. In the ongoing
quest to miniaturize devices, it is expected that wire-like
molecules could serve as a fundamental building block for
molecular electronics."? The Lewis basicity of pyridyl nitro-
gen, i.e., its ligand properties, allows the design and synthesis
of molecules for supramolecular and materials chemistry
(e.g., nanoobjects,”! coordination polymers,*! MOFs*! semi-
conducting materials,’® light harvesting!”!). Pyridyl groups also
provide an opportunity to link to metal electrodes, such as
gold, furnishing molecular wires.®l As a conjugated linker
between terminal pyridyl groups, polyynes offer attractive
characteristics. Namely, the sp-hybridized n-system of poly-
ynes is nearly cylindrical and therefore, the influence of
molecular rotation is limited.”!°! Unfortunately, functional-
ized polyyne derivatives are often kinetically labile, limiting
their usefulness.'"') To the best of our knowledge, there are
no known stable polyynes that incorporate pyridyl anchoring
groups and consist of more than four C—C triple bonds (i.e.,
a tetrayne).”'?! As result, opportunities to study the wire-like
properties of polyynes as a function of length are quite
limited, albeit very desirable.!

Herein we report a stabilization Scheme for pyridyl
polyynes, through the development of 4-ethynyl-3,5-diphe-
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nylpyridine as a sterically encumbered endgroup that can be
used for the assembly of polyynes Py*[n], including the di-,
tetra-, hexa-, and octaynes (n=2, 4, 6, 8, respectively). The
hexa- and octayne are the longest stable pyridyl endcapped
polyynes reported to date.™* The potential of Py*[n] polyynes
to bind to metals is demonstrated through axial coordination
to metalloporphyrins. The electronic absorption and electro-
chemical properties, as well as the stability and solid-state
structure of the supramolecular porphyrin—polyyne conju-
gates are described.

The synthesis of 4-ethynyl pyridine 1 was envisioned
based on a procedure reported by Komatsu et al.'™! Thus, the
reaction of propargyl aldehyde 2 with fert-butylamine gave
the corresponding imine 3 in quantitative yield."¥ Condensa-
tion of 3 with enamine 47 in o-dichlorobenzene under
microwave irradiation gave the ethynyl pyridine 1 in moder-
ate yield (24 %, Scheme 1). Attempts to optimize this reaction
via temperature and reaction time variation did not effec-

tively increase the product yield.
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Scheme 1. Synthesis 4-ethynylpyridine derivative 1.

With compound 1 in hand, a sequence of desilylation and
oxidative coupling was used to form elongated pyridyl-
endcapped polyynes Py*[n] (n=2, 4, 6, 8), as shown in
Scheme 2. Desilylation of 1 with tetrabutylammonium fluo-
ride (TBAF) gave the terminal alkyne 5 as a colorless
crystalline solid. Cross-coupling of 5§ with either bromo-
ethynyl triethylsilane (9)"® or bromoethynyl triisopropylsi-
lane (10)™ under Cadiot-Chodkiewicz heterocoupling con-
ditions®®”! gave diynes 6a and 6b in 59% and 74 % vyield,
respectively. Desilylation of diynes 6a and 6b with CsF or
TBAF, respectively, gave the terminal butadiyne, which was
stable in solution, but rapidly decomposed in the solid state.
Thus, working in solution, coupling with either 9 or 10 gave
the corresponding TES- and TIPS-hexatriynes (7a and 7b,
respectively) as stable brown oils. Attempts to form octate-
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decomposition at 209°C (see
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Scheme 2. Synthesis of pyridyl endcapped polyynes Py*[n]. Reagents and conditions: a) R=iPr: TBAF,
THF/H,O, RT; b) CuCl, NH,OH-HCl, nPrNH,, CH,Cl, or EtOH, Br-CC-SiEt; (9), 0°C to RT; c) CuCl,
NH,OH-HCl, nPrNH,, CH,Cl, or EtOH, Br-CC-SiiPr; (10), 0°C to RT; d) R=Et: CsF, THF/H,0, RT;

e) CuCl, TMEDA, acetone or CH,Cl,, RT.

trayne 8a starting from 7b were unsuccessful. On the other
hand, desilylation of 7a using CsF could be accomplished, as
has been successful for other fluoride sensitive polyynes.!'?
The resulting terminal triyne was not stable to isolation, as
was quickly carried on to the coupling reaction with
bromoalkyne 9, giving TES-octatetrayne 8a as a stable
brown oil in a respectable yield of 67 %. Frustratingly, all
attempts to subject 8a to the analogous sequence of
desilyation/heterocoupling steps have not been successful.

With polyynes 5-8 in hand, the formation of the pyridyl
endcapped polyynes Py*[n] was developed. Terminal alkyne §
was subjected to homocoupling under Hay conditions® to
give Py*[2] in a yield of 43 %. The use of modified Eglinton—
Galbraith coupling conditions (Cu(OAc), in 2,6-lutidine) did
not lead to the desired product.''®? The moderate yield of
Py*[2] is likely due to steric demands of the pyridyl endgroup,
as significant amounts of starting material § were recovered.
Desilylation of diyne 6a and Hay coupling gave Py*[4] as
a yellow solid in 69 % yield, while starting with 6b gave lower
yield of Py*[4]. The analogous sequence of desilylation and
homocoupling gave Py*[6] as a greenish solid in 64 % yield
from 7a, while starting from 7b gave only 39 % yield; to our
knowledge, this is the first synthesis of an isolable pyridyl
endcapped hexayne.'"! Finally, octayne Py*[8] was formed
from 8a by careful desilylation and homocoupling, and it was
isolated as a red solid in low yield (6% ). The octayne was
stable under ambient conditions, and could be stored for
several weeks when kept under refrigeration.

As analyzed by differential scanning calorimetry (DSC),
diyne Py*[2] shows a melting point (mp.) at 193°C, and is
stable as a liquid until decomposition (dp.) at 314°C. Given
the tendency of diarylbutadiynes to react at elevated temper-
ature, the stability of Py*[2] in the liquid phase at elevated
temperatures is an excellent indication of the ability of the
3,5-diphenylpyridyl groups to shield the normally reactive
butadiyne core. Py*[2] is also significantly more stable than
Py[2], which shows a mp of 207°C, followed quickly by
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gest derivatives, Py*[6], and
Py*[8], likewise show only
decomposition points, at 178°C
and 163-165°C, respectively.*"

Broad absorption bands are
found in the UV-vis spectrum of
Py*[2], while the longer poly-
ynes, Py*[4], Py*[6], and Py*-
[8], spectra display patterns
with vibronic fine structure con-
sistent with other polyynes
(Figure 1), such as those end-
capped with 4-pyridyl (Py[n]) or

Py*[8] (6%)

phenyl groups (Ph-[CC],-Ph,
é "
H Py°l4]
| Py2] Ao =417 M
A = 366 NM Py’[6]
Aepax = 473 NM
'««/‘/\/\ Py'[8]
Aax =517 NM

25 300 350 400 450 500 S50 600
A(nm)

Figure 1. UV-vis spectra of Py*[n] (n=2, 4, 6, 8) in CH,Cl, solutions.

To facilitate comparison, the absorbance values are normalized to that

of Amax (for quantitative UV-vis spectra of Py*[n] (n=2, 4, 6), see

Figure S1).

Ph[n]). The nature of the aryl endgroup has a noticeable
effect on A,,,, values for shorter polyynes, e.g., there is a range
of 38 nm in structurally similar diynes Ph[2] (4,,.,, =328 nm in
THF),” Py[2] (Apex =330 nm in CHCL),*! Py*[2] (A=
366 nm in CH,Cl)). The endgroup effect diminishes for
longer derivatives, and essentially disappears for octaynes
Py*[8] and Ph[8]"*! with A, = 517 and 512 nm (in CH,Cl, and
THE, respectively). The UV-vis spectra of polyynes Py*[n]
show no appreciable solvatochromism (see Figure S2),
although protonation by acid (e.g., TFA) results in a redshift
Of Apmax (Py*[6] 473 nm, Py*[6]H* 488 nm, in CH,Cl,), due to
lowering of the LUMO level by the electron withdrawing
effect on the pyridinium moiety of Py*[6]H" (the process is
completely reversible through the addition of base, see
Figure S3).

The ability of Py*[n] to bridge two metals was initially
explored by axial coordination to a Zn-metalloporphyrin.””
The self-assembly reactions of Py*[2], Py*[4], and Py*[6] with
porphyrin 11?1 were performed by titration of the porphyrin
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to the respective polyyne in CD,ClI, solution. The reactions
were monitored by 'H NMR spectroscopy and resulted in
essentially quantitative formation of ZnPy*[2], ZnPy*[4],
and ZnPy*[6].”") Complexes ZnPy*[n] were, unfortunately,
not particularly soluble in typical organic solvents, but their
formation could be conclusively established through a combi-
nation of '"H, COSY, and HSQC NMR experiments, as well as
ESI MS. In particular, the proximity of the pyridyl moiety of
the polyyne to the aromatic porphyrin core leads to a sub-
stantial upfield shift of the signal for the ortho protons (H,,
Scheme 3a), from ca. 6 8.60 in polyynes Py*[n] to 6 4.12
(ZnPy*[2]), 4.64 (ZnPy*[4]), and 4.60 (ZnPy*[6]) in supra-
molecular complexes ZnPy*[n] (see the Supporting Informa-
tion for details). Crystallographic analysis of ZnPy*[2]
(Scheme 3b) outlines the dimensions of the polyyne, which
spans 1.2 nm (N to N) and 1.6 nm (Zn to Zn). The two pyridyl
rings are essentially coplanar (torsion angle of 5°), but there is
a slight distortion of the structure with respect to the angle
between planes of the porphyrin and the pyridyl ring (62°).

a) Ar Ar
" W o
Ar,

. 1
Py — Ar M

CD,Cly, rt

Ar

Scheme 3. a) Synthesis of porphyrin-endcapped pyridyl polyynes
ZnPy*[n]. b) X-ray crystallographic structure of ZnPy*[2] in the solid
state (ellipsoids drawn at the 30% probability level; hydrogen atoms
have been omitted for clarity).

The limited solubility of the ZnPy*[n] complexes directed
efforts to complexes formed from tetraaryl Ru-porphyrin
12.5%31 Thus, combining the appropriate polyyne Py*[n] (n =
2, 4, and 6) with 12 in CH,Cl,, followed by purification via
column chromatography, gave a series of complexes endcap-
ped with Ru-porphyrins (Scheme 4). The products RuPy*[n]
(n=2, 4, and 6) showed good solubility in chlorinated
solvents, and the structures were confirmed through a combi-
nation of NMR spectroscopy and mass spectrometry. In
particular, the characteristic upfield shifts of the pyridyl
protons were indicative of axial coordination to the porphyrin
(see the Supporting Information for NMR spectra).

The supramolecular complexes RuPy*[4] and RuPy*[6]
show remarkable thermal stability, with decomposition onset
temperatures of 248 and 232 °C, respectively, as measured by
DSC. Thus, the thermal stability of RuPy*[4] and RuPy*[6] is

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Py*[n]

RuPy*[n] (n=2,4,6)

Scheme 4. Synthesis of Ru-porphyrin-endcapped pyridyl polyynes
RuPy*[n] (yields are quantitative).

actually greater than that of the respective polyyne precursors
Py*[4] (235°C) and Py*[6] (178°C). The similar decomposi-
tion temperatures and DSC profiles for RuPy*[4] and
RuPy*[6] suggest that decomposition initiates by dissociation
of the polyyne from the porphyrin endgroup. Thus, it is
noteworthy that supramolecular self-assembly presents itself
as a means to increase polyyne stability, especially when
coupled with sterically demanding endgroups as found in
polyynes Py*[n].

The UV-vis absorption spectra of both series ZnPy*[n]
and RuPy*[n] are, for the most part, the sum of their
component parts (i.e., Py*[n] + 2 equiv of porphyrin), which
gives little indication of the ability of the polyyne to mediate
electronic coupling between metals (see Figures S6 and S7).
As a result, electrochemical methods (cyclic and differential
pulse voltammetry, CV and DPYV, respectively) have been
used to study the more soluble RuPy*[n] series, in comparison
to polyynes Py*[n] (see the Supporting Information for
voltammograms). The redox properties of polyynes have
only been rarely investigated, but it is known that the
electron-deficient nature of a polyyne dictates the electronic
makeup.?**! Consistent with this, no oxidation event is
observed for Py*[n] polyynes within the accessible potential
window (see Tables 1 and S1) whereas DP voltammograms
show a reduction that becomes easier as a function of
increasing length from Py*[2], to Py*[4], and finally Py*[6]
(—1.49V, —1.21 V, and —1.03 V, respectively). The reduction
potentials reflect a lowering of the LUMO energy®! and are
consistent with decreasing HOMO-LUMO gap (E,,,) as

Table 1: Electrochemical® and optical data for Py*[n], 12, and RuPy*[n].

Compound E.ein Eoo E.. A Eqopt”
v | v [nm] [eV]
Py*[2] —1.49 - - 366 3.24
Py*[4] 121 - - 417 2.88
Py*[6] —1.03 - - 473 2.55
Py*(8] [ [ [ 517 233
12 —1.58 0.84 1.22 563 2.06
RuPy*[2] —1.45 0.92 1.49 568 2.09
RuPy*[4] —1.28 0.91 1.56 567 2.09
RuPy*[6] 1.03 0.91 N/A 568 2.07

[a] Differential pulse voltammetry in CH,Cl, solutions with Ag/AgCl
couple as reference (see the Supporting Information for voltammo-
grams). [b] Based on UV-vis spectral analysis of CH,Cl, solution.

[c] Estimated optical band gap from solution state UV-vis spectra
(estimated from the intercept of a tangent line applied to the lower edge
of 4. With the x-axis). [d] Not measured.
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a function of increasing polyyne length (Table 1). The first
oxidation potential of complexes RuPy*[n] (E,;~0.9 V) is
slightly more difficult in comparison to model compound 12
(Eox1 = 0.8 V), which reflects the electron withdrawing char-
acter of the Py*[n] spacer that renders the Ru-porphyrin more
electron deficient. While the length of the Py*[n] spacer has
no impact on E,,, the second oxidation event (E,,,) increases
from RuPy*[2] (1.49 V) to RuPy*[4] (1.56 V); the second
oxidation of RuPy*[6] is not observed (seemingly due to
decomposition of material during measurement). The first
reduction potentials (E,.q;) of RuPy*[n] are comparable to
those of the “naked” polyynes Py*[n]. Thus, electrochemical
characterization suggests that porphyrin 12 and Py*[n]
behave essentially independently, with oxidation occurring
at the porphyrin and reduction at the polyyne. This behavior
is in direct contrast to that of mixed-valence ionic states
reported for diruthenium®! and Pt" acetylide complexes.!

In summary, the synthesis and characterization of pyridyl
endcapped oligoynes with unprecedented length is reported,
in which steric shielding from the endgroups provides
a significant stabilization effect for the acetylenic framework.
Using Py*[n] polyynes, supramolecular complexes are formed
by axial coordination to Zn- and Ru-porphyrins. Single crystal
X-ray analysis of the complex ZnPy*[2] defines the desired
sandwich-like binding behavior, as well as a planar confor-
mation of the pyridyl endgroups. Electrochemical analysis of
Py*[n] (n=2, 4, 6) outlines an increasingly facile reduction as
a function of increasing length, while the redox behavior of
complexes RuPy*[n] (n=2, 4, 6) indicates polyyne-centered
reduction and porphyrin-centered oxidation. Finally, the
presence of the Ru-porphyrin in RuPy*[n] further enhances
thermal stability, in comparison to the naked analogous

polyyne Py*[n].
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