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ABSTRACT: From the reaction between M,(T'PB), and 2 equiv of S-ethynylthiophene-2-carboxylic acid (H-ThCCH) in
toluene, the complexes trans-M,(T'PB),(ThCCH),, where M = Mo (I) or W (II) and T'PB = 2,4,6-triisopropyl benzoate, have
been isolated and characterized by '"H NMR, IR, MALDI-TOF MS, UV—vis, steady-state emission, transient absorption, and
time-resolved infrared (TRIR) spectroscopies and single-crystal X-ray crystallography for I. The molecular structure of I confirms
the trans-substitution pattern and the extended conjugation of the ethynylthienyl ligands via interaction with the Mo,6 orbital.
The HOMO of both I and II is the M,§ orbital, and the intense color of the compounds (I is red and II is blue) is due to the
M,6-to-ThCCH 'MLCT transition. The S, states for I and II are ‘"MLCT. The T, state is "MLCT for II, but *MoMo&5* for 1.
The TRIR spectra of the v(C=C) stretch in the MLCT states are consistent with the delocalization of the electron over both
ThCCH ligands. Compound I is shown to be a synthon for the preparation of trans-Mo,(T'PB),(ThCCPh), (III) and trans-
Mo,(T'PB),(ThCCAuPPh,), (IV). Both III and IV have been characterized spectroscopically and by single-crystal X-ray
diffraction. The structure of III indicates the extended s-conjugation of the trans-ethynyl-thienyl units extends to the added

phenyl rings.

1. INTRODUCTION

Conjugated organic polymers and even small oligomers are
important in a range of rapidly emerging technologies including
light-emitting diodes, field effect transistors, photovoltaic
devices, and sensors.'™® The introduction of metal ions into
these systems affords a variety of additional features, as is
evident from fundamental studies by Hagihara” and the work of
Wong in the introduction of platinum®™'* and other metals'>'¢
into conjugated ethynylthiophenes. The metal can enhance
emission from triplet states by intersystem crossing and may
allow hole transport by dz—pz conjugation.'” We have for
some time had an interest in the introduction of metal—metal
(M,) quadruply bonded units into organic 7-systems and in the
preparation of metalated polymers. The M,0 orbital can
interact directly with a 7-conjugated organic molecule that is
attached to the M, unit via a carboxylate or the related
amidinate ligand."®™> We have previously attempted to

-4 ACS Publications  © 2013 American Chemical Society

8254

prepare polymers/oligomers containing M, units by the
reaction between the homoleptic carboxylates M,(O,CR),
and conjugated dicarboxylic acids. For M = Mo and ter- and
pentathienyl (a,a’-linked) dicarboxylic acids, oligomers were
obtained suitable for spin coating and, when fabricated, showed
electroluminescence.”* However, this procedure gave only low-
molecular-weight materials having 6—8 M, units and containing
molecular loops, triangles, and other species. Indeed, reactions
involving the smallest of dicarboxylic acids, namely oxalic acid,
gave almost exclusively triangles.”> We are therefore seeking
alternate strategies for the synthesis of oligomers and polymers
by employing ethynyl and vinyl end groups that may be used in
more well-developed carbon—carbon coupling reactions and
eliminate the reliance on metathetic reactions at the M, center.
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Scheme 1. Synthesis of I-IV*
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We describe here the synthesis of thienylcarboxylates bearing
terminal ethynyl groups bound to the M, center and show that
these are viable synthons for the synthesis of extended z-
systems and molecular triads. The two principal quadruply
bonded complexes are also shown to exhibit very interesting
photophysical properties.

2. RESULTS AND DISCUSSION

2.1. Preparation. The synthesis of the new compounds
reported in this work is outlined in Scheme 1.

The compounds trans-M,(T'PB),(ThCCH),, where M =
Mo (I) and W (II), T'PB = 2,4,6-triisopropyl benzoate, and
ThCCH = S-ethynylthiophene-2-carboxylate, are soluble in
toluene, THF, and dichloromethane (DCM). They are air-
sensitive and intensely colored: I is red, and II is blue. They
give molecular jons in the MALDI-TOF MS, and their 'H
NMR and other characterization data are given in the
Supporting Information.

The compound trans-Mo,(T'PB),(ThCCPh), (III) was
prepared by Sonogashira coupling involving phenyl iodide.
Compound III is purple, in contrast to its precursor I. The
gold-containing complex, trans-Mo,(T'PB),(ThCCAuPPh;),
(IV), is red like its precursor I. Further characterization data
for IIT and IV are given in the Supporting Information.

2.2. Single-Crystal and Molecular Structures. The
molecular structures of the dimolybdenum-containing com-
plexes I, I, and IV are shown in Figures 1, 2, and 3,
respectively.

Each structure has a molecular center of inversion, and the
phenyl rings of the T'PB ligands are essentially out of
conjugation with the carboxylate 7-system. The dihedral planes
involving the CO, and Cj rings are 86.7° (I), 85.2° (III), and
81.9° (IV). In contrast, the thienyl ring and its attendant
carboxylate are nearly planar, with dihedral angles of 3.8° (I),
7.7° (III), and 1.4° (IV). For compound III, the dihedral angle
between the phenyl and thienyl rings is 9.3°. The central
Mo,(O,R), units are typical of Mo,* quadruply bonded
complexes, with Mo—Mo and Mo—O bond distances of ~2.10
A2® All three compounds crystallized with donor solvent
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Figure 1. Thermal ellipsoid plot of I shown at 50% probability.
Hydrogens and solvent molecules have been omitted for clarity. Color
code: gray, carbon; blue, nitrogen; scarlet, oxygen; yellow, sulfur;
green, molybdenum.

molecules, THF (I and III) and DMF (IV), along the Mo—Mo
axis.

Further crystallographic details can be found in the
Supporting Information.

2.3. Electronic Structure Calculations. In order to aid in
the interpretation of the spectral data, we performed electronic
structure calculations on the model compounds I, I, and III,
where formate is substituted for the T'PB ligands. This assists in
reducing the computational time and resources and has proven
useful for related compounds and interpretation of their
spectral data. The calculations employed Density Functional
Theory (DFT) and time-dependent DFT (TD-DFT). We also
performed calculations on the anions [I']™ and [II']” to assist
in the determination of electron delocalization in the MLCT
states.

dx.doi.org/10.1021/ja400508u | J. Am. Chem. Soc. 2013, 135, 8254—8259
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Figure 2. Thermal ellipsoid plot of III shown at 50% probability.
Hydrogens and solvent molecules have been omitted for clarity. Color
code: gray, carbon; blue, nitrogen; scarlet, oxygen; yellow, sulfur;
green, molybdenum.
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Figure 3. Thermal ellipsoid plot of IV shown at 50% probability.
Hydrogens and solvent molecules have been omitted for clarity. Color
code: gray, carbon; blue, nitrogen; scarlet, oxygen; yellow, sulfur;
maroon, phosphorus; orange, gold; green, molybdenum.

Figure 4 displays the frontier molecular orbital energy level
diagram comparing I' and II' and isosurface contour plots for
IT', which are very similar to those for I'. For each molecule, the
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Figure 4. Energy diagram of compounds I’ and II'. Orbitals for II'
were generated with Gaussview S.0.
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highest occupied molecular orbital (HOMO) is M,5 with a
significant degree of mixing with the ligands. The lowest
unoccupied molecular orbital (LUMO) in both cases is the
symmetrical combination of the ethynylthienyl carboxylate #*
orbital that cannot mix with the M,5. For molybdenum, the
HOMO-1 and HOMO-2 are filled combinations of the
ethynylthienyl carboxylate, which lie higher in energy relative to
the M,7 and M,0 orbitals. In the case of tungsten, the order of
the ligand and metal 7 orbitals is reversed as the metal-based
orbitals, 6 and 7 for tungsten, lie roughly 0.5 eV higher relative
to their molybdenum counterparts. For molybdenum, the
LUMO+1 is the Mo,d* orbital, and the LUMO+2 is the ligand-
based 7* orbital of the ethynylthienyl carboxylate that mixes
with the M,0. For tungsten, M,6* is the LUMO+2, and it is
well separated from the ligand #* combinations, the LUMO
and LUMO+1. The HOMO—-LUMO gap for tungsten is also
0.5 eV smaller than that of its molybdenum analogue.

A similar comparison of the frontier orbitals of I’ and III
along with the isosurface contour plots of III' are shown in
Figure S. The calculations for both I" and III" were done in C,,
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Figure 5. Energy diagram for I' and III'. Orbitals for III" are shown.

symmetry, which emphasizes the maximum ligand 7—M,5
conjugation. For III" we see a greater mixing of the ligand filled
7 orbitals with the M, as a result of the higher energy of the
ligand filled 7 orbitals in III" relative to I'. This has the effect of
raising the energy of the HOMO, while the LUMO in III' is
lowered due to the extended 7z conjugation. The energy
separation between the LUMO and LUMO+2 orbitals,
representing the two ligand #* systems, is also greater for
III’, 0.33 versus 0.26 eV, as a result of the greater M,0 ligand 7
orbital mixing.

2.4, Electronic Absorption Spectra. The UV—vis—NIR
spectra of compounds I and II in THF at room temperature are
compared in Figure 6. At high energy, ~300 nm, we see the
ethynylthienyl carboxylate ligand-based z—z* transition that is
hardly influenced by the metal. In contrast, to lower energy we
see the intense '"MLCT (metal-to-ligand charge-transfer) bands
arising from the M, to ethynylthienyl carboxylate =¥,
HOMO—LUMO, that track with the relative energy of the
M,0 orbital. We also see evidence of a vibronic progression in
the spectrum of II for which the (0,0) transition is the most
intense. The vibronic features appear better resolved at low
temperature in 2-MeTHF, and the spectrum at 125 K is shown

dx.doi.org/10.1021/ja400508u | J. Am. Chem. Soc. 2013, 135, 8254—8259
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Figure 6. Electronic absorption spectra for I (red) and II (blue).
MLCT Apy = 499 (I) and 712 nm (II).

in the Supporting Information. This feature is common to
many tun%sten complexes of this type and has been discussed
elsewhere.”” ™ Also, for both compounds we see the M,5-to-
CO,7* transition associated with the T'PB ligand: 402 nm for
M = W and 335 nm for M = Mo.

An analogous comparison of the absorption spectra of the
Mo,-containing compounds, I, ITI, and IV, is given in Figure 7.

Nommlized Absorption

700

Wavelength / nm

Figure 7. Electronic absorption spectra of I, III, and IV in THF at
room temperature. MLCT A, = 499 (I), 517 (IIT), and 489 nm (IV).

Here we see the similarity of compounds I and IV, which both
appear red. This is not too surprising since the [AuPPh;]*
cation is commonly referred to as a “large proton”.** In
contrast, the '"MLCT of compound III is notably red-shifted to
lower energy compared to I as a result of the extended #
system. The intraligand 7—7* transition in III (321 nm) also
occurs at lower energy than in I (290 nm).

2.5. Solvent Dependence and Steady-State Emission.
The absorption and steady-state emission spectra associated
with the 'MLCT states have been recorded in THF, toluene,
and DCM at room temperature. These are shown for I and II
in Figure 8, where it can be seen that while there is a significant
solvent dependence in the absorption spectra, there is very little
in the emission from the S, state between toluene and DCM,
but in the case of THF we do see a significant shift, which is not
surprising because THF can behave as a good ligand in axial
coordination to the M, center in the MLCT state. This
essentially stabilizes the MLCT state in THF. The emission of
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Figure 8. Solvent-dependent absorption and emission spectra of I (a)
and II (b) in THF (red), DCM (black), and toluene (blue).

II in toluene was measured as a function of concentration and
displays no shift in the spectrum, ruling out any self-absorption
(SI Figure 1).

At room temperature, the absorption spectra correspond to a
Boltzmann distribution of rotamers along the ethynylthienyl
carboxylate, and both trans-ligands are relatively weakly
coupled. However, upon photoexcitation, the promoted
electron formally occupies the LUMO, which has a stronger
preference for extended planarity. Thus, photoexcitation may
well be expected to lead to an initially polar excited state that
relaxes to one that is nonpolar. The steady-state emission
spectra support this view that the S, state has little if any dipole
moment. Alternately stated, S, is a delocalized excited state with
the positive charge on the M, center and the electron
delocalized over both ethynylthienyl carboxylate ligands. This
view is further supported by the TRIR spectra, vide infra.

We have not determined the quantum yield for the emission,
but it is akin to other dimetal tetracarboxylates for which the
efficiency was estimated to be less than 0.1%."

Compound I also shows phosphorescence from its triplet
(T,) state at ~1100 nm which is typical of Mo,-containing
carboxylates and corresponds to a *MoMod&5* state (SI Figure
2).182072232 At 77 K, the emission intensity increases notably
on cooling, and a vibronic progression corresponding to the
Mo—Mo stretch (~350 cm™) is visible. Compound II has
singlet (S,;) emission with 4., &~ 870 nm, which is followed by
tailing to ~1100 nm. There is a definite weak emission at 1260
nm which we suggest arises from weak phosphorescence from
the >MLCT state at room temperature (SI Figure 2). We have
seen this type of behavior previously for tungsten, and it leads
to ~3500 cm™" in terms of the energy separation of the S; and

dx.doi.org/10.1021/ja400508u | J. Am. Chem. Soc. 2013, 135, 8254—8259
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T, MLCT states (SI Figure 2, inset).*® It should be noted that
the *WW 56* state is notably higher in energy than the *MoMo
00* state because of the relative energies of the M,0 orbitals.
This is nicely seen in the absorption spectra of M,(T'PB),
compounds, where the 4., occurs at longer wavelength for M,
= W,, whereas the phosphorescence is in the inverse order.>

2.6. Time-Resolved Spectroscopy. Compounds I and II
have been examined by femtosecond time-resolved infrared (fs-
TRIR) and nanosecond transient absorption (ns-TA) spectros-
copies. From these we can estimate the S, lifetimes as 3.57 ps
for I and 4.4 ps for II (SI Figure 3), while the T, lifetimes are
78.8 + 5.9 ys for I and 10—30 ns for IT (SI Figure 4). Most
pertinent to the matter of charge location in the excited states
are the TRIR spectra associated with the ethynyl group. In the
ground state, this is a weak IR-active stretch seen at v = 2099
cm™ for both compounds. Upon photoexcitation, the vibration
has enhanced intensity and is shifted to lower energy due to
population of the 7* orbital. For complex II (Figure 9), the IR
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Figure 9. fs-TRIR of (C=C) of Il in THF at room temperature, 1,
=720 nm.

band assignable to ©(C=C) is initially shifted by 2 cm™" in
the '"MLCT state. This peak decays with time to leave an IR
band assignable to the MLCT state of II shifted 68 cm™" to
lower energy. The appearance of a single IR-active mode is
consistent with a delocalized excited state and contrasts with
the spectra of compounds of the form trans-PtL,((C=CAr),
that show two IR stretches in their T, states: one shifted to
lower energy and the other to higher energy relative to the
ground state.**** These have been ascribed to broken or C,,
symmetry in the excited state. The further shift of the v(C=C)
to lower energy in II with the change from S, to T, suggests
that there is slightly greater C=C #* character in the triplet
state. The molybdenum complex I (SI Figure S) shows similar
behavior, with Av(C=C) = —66 cm™ in the S, state.
Following decay to the T, state, however, the ethynyl stretch
becomes IR silent, consistent with a MoMod&* state.

Since the IR bands associated with ligands in MLCT states
are very similar to those of the reduced form of the ligand, we
have calculated the values of v(C=C) for [I']” and [II']". The
calculations pertain to a delocalized anion with the negative
charge distributed principally upon the two trans-ethynylthienyl
carboxylates. A comparison of the experimental values for
compounds I and II in their ground and photoexcited states is
given in Table 1, along with those calculated for the ground
states of I’ and II' and their respective anions [I']™ and [II']".
The calculated shifts for the anions (~55 cm™) compare
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Table 1. Experimental and Computational (CC)
Frequencies (in cm™') and Corresponding Shifts for I and II

I II r 1’
Sy 2099 2099 neutral 2130 2128
S, (1) 2033 2047 (2031) anion 2073 2073
AV(CC)  —66 —52 (—68) Ay(CC)  -57 =55

favorably with those observed in the S, states, supporting the
view of a delocalized excited state.*®

Time-resolved spectroscopic studies of III and IV will be
reported later in conjunction with other compounds of similar
nature. Evaluating the shift of ¥(C=C) in comparison to the
parent complexes should provide a measure of the electronic
interaction of their appended groups in the excited states.

3. CONCLUDING REMARKS

The spectroscopic data for compounds I and II indicate that
the S, states and the T, state for II are fully delocalized. In
terms of excited-state mixed valency,” this is Class III on the
Robin and Day scheme.’® There are, to our knowledge, no
detailed TRIR studies of transition metal alkynyl complexes in
their S, states, despite the fact that some fluoresce and have
picosecond lifetimes. The T, states that have been examined
have broken symmetry where the charge is centered upon one
ligand. The delocalized *MLCT states of II thus appear very
different from all studies of trans-bisalkynyl Pt(II) complexes to
date, which show lowest energy electronic transitions that are at
least in part MLCT in character.”*~*

In terms of the synthetic strategy for the synthesis of higher
order assemblies, the preparation of III and IV from I is very
encouraging. Although the C—C coupling reactions employed
are “standard” in organic synthesis, and have been successfully
employed by others in the synthesis of later transition metal-
containing organic conjugated oligomers and polymers,**~>*
the application to the kinetically labile M,*" center is notable, as
many reactions may lead to undesired products due to
metathetic reactions of the carboxylates. For example, the use
of organomagnesium or organozinc reagents as in Kumada or
Negishi coupling reactions is not possible due to carboxylate
scrambling. Further work involving C—C coupling reactions of
this type involving vinyl groups is currently underway.
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© Supporting Information

Materials and methods, synthesis and characterization of I-1IV,
NIR emission spectra, kinetic traces of I and II from the fs-
TRIR and of I from the ns-TA, TRIR spectrum of I, and
crystallographic information (CIF). This material is available
free of charge via the Internet at http://pubs.acs.org. CCDC
records 919547—919549 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.
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