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ABSTRACT: A new class of redox-active free base and
metalloporphyrins fused with the 1,3-dithiol-2-ylidene subunits
present in tetrathiafulvalene, termed MTTFP (M = H,, Cu, Ni,
Zn), have been prepared and characterized. The strong
electron-donating properties of MTTFP were probed by
electrochemical measurement and demonstrated that oxidation
potentials can be tuned by metalation of the free base form,
H,TTFP. X-ray crystal structures of H,TTFP, ZnTTFP, and
CuTTEFP revealed that a severe saddle-shape distortion was
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observed with the dithiole rings bent out of the plane toward one another in the neutral form. In contrast, the structure of the
two-electron oxidized species (CuTFFP**) is planar, corresponding to a change from a nonaromatic to aromatic structure upon
oxidation. A relatively large two-photon absorption (TPA) cross-section value of H,TTFP*" (1200 GM) was obtained for the
free base compound, a value that is much higher than those typically seen for porphyrins (<100 GM). Augmented TPA values for
the metal complexes were also seen. The strong electron-donating ability of ZnTTFP was further enhanced by binding of CI~
and Br~ as revealed by thermal electron-transfer between ZnTTFP and Li*-encapsulated Cg, (Li*@Cs,) in benzonitrile, which
was “switched on” by the addition of either CI™ or Br™ (as the tetrabutylammonium salts). The X-ray crystal structure of Cl”-
bound ZnTTFP was determined and provided support for the strong binding between the Cl~ anion and the Zn** cation present

in ZnTTFP.

B INTRODUCTION

Precise control and thorough understanding of the electronic
structure and reactivity of redox-active molecules is of
significant importance for the development of new catalysts
and charge-separation devices, among other applications.' ™
The exceptional optoelectronic and redox properties of
porphyrins have driven efforts to prepare derivatives with
more than one accessible and well-defined electronic state (e.g.,
aromatic, nonaromatic, and antiaromatic). In recent years, this
challenge has been met in a number of instances via the use of
so-called expanded porphyrins, analogues of porphyrins
containing larger conjugated peripheries or a greater number
of pyrrolic subunits than present in porphyrins.” However,
there remains a need for smaller, electronically switchable
materials that more closely resemble porphyrins. Of particular
interest would be systems that provide for precise, tunable
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control of the redox potential over a range that allows for
thermal electron transfer interactions with common donors or
acceptors. Also of interest would be simple-to-prepare
porphyrin analogues that allow access to stable 4n and 4n +
2 m-electron configurations, as well as intermediate 4n + 1
radical states.

Recently, we reported that a sterically restricted “rosarin”, a
hexapyrrolic expanded porphyrin, is capable of transitioning
between its antiaromatic and reduced aromatic electronic forms
via a stable one-electron oxidized radical state.® However, we
are unaware of any tetrapyrrolic species that allow access to an
analogous 4n + 1 m-electron radical oxidation state and that
permit switching between two different closed-shell electronic
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states under standard laboratory conditions. Such putative
tetrapyrrolic species are attractive since, in principle, their redox
properties could be tuned by metalation as observed for normal
porphyrins. Further fine-tuning of the redox properties could
likewise be achieved by coordination of an axial ligand to a
bound metal center.”

Here we report a new s-extended analogue of tetrathiafulva-
lene® (TTE), namely, the bis(1,3-dithiol-2-ylidene)quinoidal
porphyrin (H,TTFP) and its Cu(Il), Ni(Il), and Zn(II)
derivatives (MTTEP; M = Cu", Ni', and Zn"). In previous
work, we reported TTF-bearing porphyrins wherein the TTF
subunits were directly annulated to the porphyrin core.’
MTTEP differs from these earlier systems in that it is a direct
“extended” analogue of TTF. As such, it was expected to
combine the desirable optical features of the known, but not
extensively studied, quinoidal porphyrins'® with the redox
features of the so-called “exI'TF” class of compounds [e.g.,
9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene].'  As
detailed below, this combination permits access to three stable
oxidation states, as well as to the rich metalation chemistry of
porphyrins. This latter attribute allows the electronic and redox
properties of MTTEP to be tuned without additional synthetic
modification. Additionally, complexation of either a chloride or
bromide anion to a bound metal center permits fine-tuning of
the redox properties of the MTTFP. This, in turn, enables
control of electron transfer reactions, including specifically
thermal processes involving transfer of an electron from
ZnTTFP to Li*-encapsulated Cq (Li'f@Cgy) in benzonitrile
(PhCN). This combination of chemical features, as well as the
separate metal- and anion-based control of the redox
properties, is not possible with the previously reported
exTTF systems. Nor is it attainable with simple porphyrin
derivatives. A further notable feature of the present system is
that, in contrast to unmodified and dithiole-free quinoidal
porphyrins, the MTTEFPs reported herein display relatively
large two-photon-absorption (TPA) cross-section values.

B RESULTS AND DISCUSSION

Synthesis of MTTFP. The synthesis of H,TTFP is shown
in Scheme 1. It involves as the key step the triethyl phosphite-
mediated cross-coupling between diketoporphyrinogen 2 and
the known TTF precursor 3.>> The Lindsey group'’ has
previously reported the preparation of 2, through thallium-
promoted oxidation of 5,15-diphenylporphine (1). However, in
our hands, we found that compound 2 was more conveniently
prepared (one step; S6% yield) by treating 1 with PbO, in
accord with a decades-old procedure for the synthesis of
xanthoporphryinogen.'®> Coupling of 2 and 3 then afforded the
desired product H,TTFP as an intensely colored dark green
solid in 27% vyield. The zinc(II) (ZnTTFP), copper(Il)
(CuTTFP), and nickel(II) (NiTTFP) complexes were then
obtained in good yields by subjecting the free base to standard
acetate salt metal insertion."*

A quinoidal structure, such as the one assigned to diketone 2,
was assigned to H,TTFP and its metalated derivatives after
examination of the 'H NMR spectrum. Although tautomeriza-
tion of the exocyclic double bonds would result in a fully
conjugated core, H,TTFP appears to be nonaromatic. This is
consistent with what has been observed in the case of recently
reported alkylidene porphyrins'® and is specifically supported
by the fact that the N—H protons within the porphyrinoid core
resonate at 12.5 ppm (Figure 1; note that the full spectrum is
shown in Figure Sl in the Supporting Information). In

Scheme 1. Synthesis of H,TTFP and Its Metal Derivatives,
MTTEPs
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Figure 1. Partial 'H NMR spectra of (top) H,TTEP and (bottom)
H,TTFP-2PF, recorded in DMSO-d, at 298 K.

addition, the outer -C—H protons of the pyrrolic rings give
rise to signals at 6.5 and 6.9 ppm. Consequently, the 'H NMR
spectrum is strongly indicative of a lack of diatropic ring current
and a corresponding lack of aromaticity in H,TTFP. A
nonaromatic quinoidal core is thus taken to be the dominant
species in solution.

Spectroscopic Studies of MTTFP. In the case of MTTFP
(M = Zn, Cu, Ni), evidence for metal complexation came from
high-resolution mass spectrometric (HRMS) analyses. The 'H
NMR spectra of the diamagnetic Ni(II) and Zn(II) complexes
revealed spectral patterns and chemical shifts similar to those
for the corresponding f-pyrrolic and meso-phenyl proton
signals of H,TTFP (Figures S3 and SS, Supporting
Information). A lack of N—H proton resonances is consistent
with metal coordination within the macrocyclic core present in
H,TTFP. On the basis of these spectroscopic analyses, the
resulting complexes, Zn'TTFP and NiTTFP, were also assigned
a quinoidal structure analogous to that of H,TTFP.

dx.doi.org/10.1021/ja404830y | J. Am. Chem. Soc. 2013, 135, 10852—10862
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An electron paramagnetic resonance (EPR) spectrum of
CuTTEFP recorded in CH,Cl, at 298 K is typical of what is
expected for a square planar Cu(II) complex with hyperfine
interactions between the d’-configured copper ion and the four
magnetically equivalent *N atoms of the ligand (Figure 2a).

The UV—visible spectrum of H,TTFP recorded in CH,Cl, at
298 K supports the assignment of the system as being
nonaromatic. For instance, broad absorption bands are seen at
Amax = 650 nm (e = 58000 M), 429 nm (e = 53700 M),
and 317 nm (¢ = 38700 M™') (Figure 3). These spectral
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Figure 2. (a) EPR spectrum of CuTTFP recorded in CH,Cl, at 298 K
and (b) computer-simulated spectrum; a(Cu) = 91 G, a(4N) = 16 G,
AH,4 = 53, 27, 12, and 9.0 G at m; = —*/,, ='/,, !/,, and 3/,
respectively. (c) Plot of AH, 4 vs m; and (d) spin density map
obtained from UB3LYP/LanL2DZ calculations.

The near-perfect agreement between the observed and
simulated spectra was obtained with an isotropic g value of g
= 2.090 and superhyperfine splitting of a(Cu) = 91 G and a(N)
= 16 G by changing the line width (AH,,y) depending on the
m; values of Cu (Figure 2b,c). The observed a(Cu) value is
smaller than those of typical Cu(Il) porphyrin complexes.'®
This difference is ascribed to the fact that the unpaired electron
density in CuTTFP is largely centered on the macrocycle and
the associated orbital has d,>_ character. This acts to delocalize
ca. 50% of the spin density away from the copper center, as
inferred from the theoretical spin density map obtained from
UB3LYP/LanL2DZ calculations (Figure 2d).
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Figure 3. UV/vis absorption profiles of the metal derivatives of
H,TTFP recorded in CH,Cl,, including ZnTTFP (red), CaTTFP
(orange), and NiTTFP (blue).

a) 15§ _=emorm
0104+, = 660 nm
008

0.00 py— ——

8 008] .
+= 77 pe (75%)
y 544 ps (25%)

< 0.0]
0454 <
020] g
450 500 550 600 650 700 750
Wavelength (nm)

b) 0.08 ™ P pomp = 600 nm
] ., = 470
0.06 f,,,,.//:‘_!l?\
0.04 ji»“” Y
0.02 f/:\{\\;
DA et |
8 0.0
"
< 0024
-0.04
-0.06 _ r'.- 26 ps|
.08 Time |

450 500 550 600 650 700 750
Wavelength (nm)

Figure 4. Femtosecond transient absorption spectra and time profiles
of (a) free base H,TTFP, recorded in toluene at 298 K, and (b)
H,TTFP-2ClO,, recorded in acetonitrile at 298 K, obtained following
excitation at 650 and 600 nm, respectively.

features resemble those of the reported quinoidal porphyrins.'®
The molecular orbitals (MOs), obtained from B3LYP/6-
31G(d) calculations, provide support for the conclusion that
the highest occupied molecular orbital (HOMO) is mainly
localized on the dithiole subunits. In contrast, the lowest
unoccupied molecular orbital (LUMO) is primarily centered
within the macrocycle. This is taken as evidence that the
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Figure S. One-photon absorption (OPA) and two-photon absorption (TPA) spectra of (a) H,TTFP and (c) H,TTFP-2ClO, with (b, d) Z-scan

curves recorded in CH,Cl, and acetonitrile, respectively, at 298 K.

observed optical transition includes a contribution involving an
intramolecular charge transfer from the dithiole subunits to the
central macrocyclic core (cf. Figure S7, Supporting Informa-
tion)."” Upon metalation, similar low-energy broad absorption
bands are seen (Figure 3) above 650 nm. The red shifts in these
energy transitions follow the order ZnTTFP < CuTTEFP <
NiTTFP. In the case of ZnTTFP, a small intense band around
850 nm is typically seen in the UV—vis spectrum. This band is
thought to reflect the presence of a radical cation impurity
formed in small amounts under ambient aerobic conditions.
The redox properties and dedicated formation of this and other
oxidized forms of MTTEP are discussed later in the text.

The excited-state dynamics of H,TTFP were further
explored by femtosecond transient absorption (TA) spectros-

1100 GM at 1300 nm), NiTTFP (¢® = 510 GM at 1300 nm),
and CuTTFP (6 = 450 GM at 1300 nm) complexes gave
values that were reduced compared to H,TTFP but still
relatively large with respect to the corresponding metalated
porphryins.'®

Crystal Structures and Redox Properties of MTTFP.
Single crystals suitable for X-ray diffraction analysis of H,TTFP
(1:1 mixture of CH,Cl, and acetonitrile), CaTTFP (CH,Cl,),
and ZnTTFP (1:1 mixture of CH,Cl, and tetrahydrofuran)
were grown by slow evaporation. In all cases, a severe saddle-
shape distortion was seen with the dithiole rings bent out of the
plane toward one another (cf. Figure 6ab and Figure S10,
Supporting Information). A distinct lack of planarity is evident.

copy in toluene. The transient species produced from H,TTFP
by femtosecond laser irradiation at 650 nm exhibited both
broad excited-state absorption (ESA) and ground-state
bleaching (GSB) features across the entire spectral region as
shown in Figure 4a. The temporal profile of the prominent
GSB signal at 660 nm was fitted to a biexponential function.
This fitting revealed a short time constant of x&77 ps, as well as
a longer time constant (>500 ps) ascribed to a subsequent
transition to the triplet manifold. Presumably, this latter
intersystem crossing reflects the heavy atom effect of the sulfur
atoms.

The TPA spectrum of H,TTFP was also recorded in CH,Cl,
by the open aperture Z-scan method (Figure Sab). This
analysis revealed spectral features coincident with the lowest
one-photon absorption band. The maximum TPA cross-section
value, ¥ = 1700 GM, was attained upon excitation at 1300
nm. This value is notably larger than those for analogous (but
dithiole-free) quinoidal porphyrins (6! = ca. 500 GM at 1200
nm).'® We propose that the unusual 7z-donor—7z-acceptor—z-
donor structure of H,TTFP gives rise to the relatively enhanced
nonlinear optical response. The TPA properties of the metal
complexes MTTFPs (M = Zn, Ni, Cu) were also examined
(Figure S9, Supporting Information). The ZnTTFP (6 =

10855

(a)

Figure 6. Crystal structures of CuTTEFP (a, front view; b, side view)
and of CuTTFP-20Tf (c, front view; d, side view). Thermal ellipsoids
represent 50% probability. Triflate counteranions of CuTTFP-20Tf
and meso-phenyl groups (in the side views) are omitted for clarity.
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Such a finding provides support for the conclusion drawn from
the spectroscopic analyses, namely, that the MTTFPs are
nonaromatic.

The electrochemical properties of H,TTFP and its metalated
counterparts were further analyzed by cyclic voltammetry (CV)
(Figure 7). In the case of the free base, H,TTFP, a redox wave
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Figure 7. (a) Cyclic voltammograms (CVs) of H,TTFP, NiTTFP,
CuTTFP, and ZnTTFP [E,/, = —0.097, —0.105, —0.186, and —0.245
vs ferrocene/ferrocenium couple (Fc/Fc*), respectively]. All CVs were
recorded in CH,Cl, at 298 K under identical conditions: 50 mV/s scan
rate, 1 mM solution of the compound under study, 100 mM TBAPF.

at —0.10 V (vs ferrocene/ferrocenium couple, Fc/Fc*) was
seen. A cathodic/anodic peak separation of 215 mV was also
seen in the case of the metal-free system. This was taken as
initial evidence that a large conformational change occurs
during this redox process. Shifts in the oxidation potentials
were seen upon metalation. The nickel complex, NiTTFP,
displayed a nominal shift of —0.008 V, making it only slightly
easier to oxidize than the parent compound, H,TTFP.
However, complexes CuTTFP and ZnTTFP displayed marked
anodic shifts to —0.186 and —0.245 V, respectively. These
findings provide support for the notion that the oxidation
potential of the bis(dithiole)quinoidal porphyrin H,TTFP can
be tuned by simple metal cation complexation.

Insight into the number of electrons being transferred during
the oxidation of H,TTFP and its metalated counterparts was
inferred from the full CV of CuTTFP recorded in CH,Cl,
(Figure 8 and Figure S14, Supporting Information). A
reversible one-electron feature ascribed to the reduction of
CuTTEP is observed at —1.580 V, whose size is approximately
half that of the TTFP oxidation peaks; on this basis, we propose
that twice as many electrons are being transferred (2 e”) in the
TTEFP oxidation as in the Cu reduction (1 ¢7)."?

Chemical Oxidation of H,TTFP. The doubly oxidized
form of H,TTFP could also be prepared by chemical means
(Scheme 2). Specifically, it was found that, by dissolving
H,TTFP in CH,Cl, and adding an excess of crystalline nitrosyl
hexafluorophosphate, the oxidized product could be precipi-
tated from solution in quantitative yield in the form of its PF
salt (H,TTFP-2PFy). In a similar fashion, complexes with other
counteranions were easily obtained by altering the identity of
the oxidant used. The conversion of H,TTFP to H,TTFP*
gave rise to distinctive spectral changes. In the 'H NMR
spectrum (Figure 1) of the dication, H,TTFP-2PF,, the N—H
protons are shifted upfield to —2.8 ppm, while the f-hydrogens
on the porphyrin core are shifted downfield. These changes are
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Figure 8. Cyclic voltammogram (CV) showing the first oxidation and
reduction features of CuTTFP (referenced to Fc/Fc*). The CV was
recorded in CH,Cl, at 298 K: 50 mV/s scan rate, 1 mM solution of
the compound under study, 100 mM TBAPF,.

thought to reflect the macrocyclic diamagnetic ring current of
the central tetrapyrrolic unit. The negative NICS(0) values of
—12.1 ppm at the center of the core macrocycle of H,TTPF*"
provides further support for the assignment of H,TTFP*" as
being aromatic (cf. Figure S13, Supporting Information).

A single-crystal X-ray diffraction structure of the doubly
oxidized dication species derived from CuTTFP (i.e.,
CuTTFP-20Tf) revealed a highly planar geometry (Figure
6c,d and Figure S1S, Supporting Information). The bond
lengths between the dithiole rings and the meso-carbon atom of
porphyrin also increased upon oxidation, as would be expected
for the conversion of a C(sp?)=C(sp*) double bond (average
length = 1.364 A in the case of CuTTFP) to a single bond
(length = 1.48 A for CdTTFP-20Tf). These structural features
are thus consistent with the proposed aromatic formulation.

The steady-state UV—vis absorption spectrum of H,TTFP,
recorded in acetonitrile at 298 K, revealed features character-
istic of a porphyrin (e.g., tetraphenylporphyrin). For instance,
well-resolved Q-like bands and an intense Soret band at 410 nm
(e = 121000 M™") were seen (Figure 5b). The porphyrin-like
MO density distribution of H,TTFP** is in good agreement
with the experimental spectrum (Figures S16 and S17,
Supporting Information).”* However, differences from normal
porphyrins were revealed in the femtosecond TA spectra of the
dication as recorded in acetonitrile. In particular, an ultrashort
singlet excited-state lifetime of 26 ps (with a component with a
prolonged decay profile ascribed to population of the triplet
state) was seen in Figure 4b. This short lifetime®" is consistent
with the nonfluorescent nature of the dication and is thought to
reflect electronic coupling with the dithiole moieties.

Further underscoring the differences relative to porphyrins
(taken as ostensibly analogous control aromatic systems) is the
relatively large TPA cross-section value of H,TTFP*'.
Specifically, a TPA value of 1200 GM was recorded upon
excitation at 1300 nm (Figure Sc,d). These values are
considerably higher than those typically seen for porphyrins,
for which TPA values of <100 GM are found."® These
differences are ascribed to the charged dithiole sites that serve
to perturb the intrinsic electronic structure of the central
porphyrin core present in H,TTEP** >

The singly oxidized radical cation form, H;TTFP* *, could be
prepared in situ by the careful addition of tris(4-bromophenyl)-

dx.doi.org/10.1021/ja404830y | J. Am. Chem. Soc. 2013, 135, 10852—10862
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Scheme 2. Stepwise Oxidation of H,TTFP
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aminium hexachloroantimonate (so-called “magic blue”) in centered, but not porphyrinoid 4n+1 n-electron, radicals may
CH,Cl,.”> The formation of a species with an intense be observed’
absorption band at 930 nm was seen, with a maximal intensity The stability of H,TTFP* * proved to be highly dependent
being observed upon the addition of 1 equiv of oxidant (Figure on the choice of solvent. In contrast to what was seen in pure
9).>* When less than one molar equivalent of magic blue is CH,Cl,, in polar solvents, such as acetonitrile, PhCN, or
mixtures of these solvents in CH,Cl,, the spectral features
(@) 40- (b) corresponding to H,TTFP* * were not observed (Figure $S20,
i6.] 3 Supporting Information). This is ascribed to disproportionation
R of the radical cation H,TTFP* °. Disproportionation leads to
»:— 0.8+ formation of the closed-shell neutral and dication forms of
g 06+ H,TTFP, respectively, in analogy to what was found in the
£ 044 exTTFs.”” An alternative explanation, involving dimerization to
2 02 form a closed-shell, EPR-silent dimer (e.g,, [(H,TTFP),] *), is
i ruled otcllt on steiicdgrolimds; the large mesoiphelnyl groups are
SN (ST, F ) e S Er expected to preclude the necessary intermolecular contact.
w Wa?,z?enm; Er?n[:) e e Fine Redox Control of ZnTTFP by Anion Binding. The
strong electron-donor ability of ZnTTFP is further enhanced
Figure 9. (a) UV/vis/near-IR absorption spectra of H,TTFP recorded by axial coordination of chloride anion, Cl~, as shown via its use
gi CH2Ct17- at 298 Kl in the. p J;esetnc[eHorfrir;llc:i)e]asingl Oqu:}\r/lltitéis Oi)m]s%i; as an external donor in a thermal electron transfer reaction. In
ue uj 0 one moilar equivalent; = . nse: . -+ -+
spectrfm of H,TTFP* +q(as the SbCl:‘ salt) prepareg via the addition these experiments, Li"-encapsulated ,(360 (Li'@Cqo) was chosen
of 1 equiv of magic blue. (b) Spin density map of H, TTFP* * obtained as the.electron e\lccePtor, because Li*@Cg, has a one-electron
at the UB3LYP/6-31G(d) level. reduction potential [ie., 0.13 V (vs standard calomel electrode,
SCE)], which is slightly less positive than that of ZnTTFP (cf.
Figure 7).*® No evidence of electron transfer from ZnTTEP to
added, a species with an absorption maximum (4,,,,,) at 760 nm Li*f@Cg, was seen in PhCN at 298 K. Specifically, addition of
is observed. This peak is thought to reflect protonation of tetra-n-butylammonium perchlorate (TBACIO,, 1.0 mM) to a
H,TTFP (for which enhanced acidity is expected due to the PhCN solution of ZnTTFP and Li*@Cq resulted in no change
saddle-type distortion of the porphyrinoid core**) by residual in the optical features (Figure S21, Supporting Information).
acid present in the oxidant.?® Support for this suggestion comes However, addition of chloride anion as TBACI to a PhCN
from the observation that adding trifluoroacetic acid to the free solution containing ZnTTFP and Li*@Cq, resulted in thermal
base species H,TTFP in the absence of magic blue likewise electron transfer from ZnTTFP to Li'@Cg. This is evidenced
gives rise to an analogous 760 nm spectral feature while leading by the generation of spectral features ascribable to ZnTTFP*®*
to a decrease of the original absorption peak at 650 nm (Figure (Amax = 865 nm) and Li*@Cgp" ~ (Apey = 1035 nm) as seen in
S$18, Supporting Information). Furthermore, chemical oxidation Figure 10a.® The 1:1 stoichiometry of electron transfer
of ZnTTFP (which lacks the basic pyrrolic sites present in between ZnTTFP and Li'f@Cg in the presence of TBACI
H,TTFP) with magic blue fails to produce a species with a 4, was confirmed by a Job plot (Figure S22, Supporting
~ 760 nm (Figure S19, Supporting Information). Information). The formation of ZnTTFP®* and Li*f@Cg° ~
Electron paramagnetic resonance (EPR) spectroscopic was further confirmed by EPR spectral analyses, which revealed
analysis of H,TTFP** (930 nm absorption band) revealed a superposition of signals corresponding to both species
features at g = 2.001 and g = 2.006 at 77 K,* thus supporting (Figure S23, Supporting Information). The yield of the
assignment of this oxidized species to the radical cation. Such electron-transfer products increased with increasing concen-
readily accessible 4n + 1 m-electron radical cation species are tration of Li*f@Cg,. The electron-transfer equilibrium constant
not attainable with either simple quinoidal porphyrins or the (K,), determined from the titration shown in Figure 10b, is
anthracene-derived exTTF species reported earlier. The 0.53.
behavior of MTTEFP also stands in contrast to what is seen The negative shift in the (two-electron) oxidation potential
for the previously reported TTF porphyrins, where TTEF- (Eox) of ZnTTFP induced by binding of CI~ was confirmed by
10857 dx.doi.org/10.1021/ja404830y | J. Am. Chem. Soc. 2013, 135, 10852—10862
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Figure 10. (a) UV/vis absorption changes in electron transfer from
ZnTTEP (10 uM, black) to Li*@Cg, (final, red) in the presence of 1.0
mM TBACI in PhCN at 298 K. (b) Plot of absorbance at 460 nm vs
concentration of Li*@Cg,.
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Figure 11. (a) Cyclic voltammogram (CV) of ZnTTFP (0.10 mM),
recorded in the presence of TBAPF, (100 mM) in PhCN. (b) CV of
ZnTTFP in the same solvent after the addition of TBACIO, (20 mM).
(c) CV of ZnTTFP recorded under identical conditions after addition
of TBACI (20 mM).

CV measurements, as shown in Figure 11. The E, value of
ZnTTFP in the presence of TBAPF, in PhCN was determined
to be 0.21 V versus SCE. The E_, value remained the same after
the addition of TBACIO,. However, the addition of TBACI
resulted in a cathodic shift of the E , value to 0.13 V versus
SCE. Since the E, 4 value of Lif@Cg, is 0.13 V versus SCE,
electron transfer from ZnTTFP to Li*@C4, becomes
thermodynamically feasible as the result of complexation of
the CI” anion to ZnTTFP. The binding of CI” to ZnTTFP was
confirmed via a single-crystal X-ray diffraction analysis. The
resulting structure, shown in Figure 12, reveals that the ClI™ is
coordinated to the Zn*" center present in ZnTTFP.

The charge-separated species induced by the presence of
chloride can be reverted to the neutral form via addition of
excess pyridine; presumably this reflects competitive binding to
the zinc center and displacement of the Cl~ ligand (Figure S24,

Figure 12. Two views of the single-crystal X-ray diffraction structure of
ZnTTFP-TBACI at 50% thermal ellipsoid probability level. The
solvent of crystallization and the hydrogen atoms are omitted for

clarity.

Supporting Information). In this “molecular switch”, the
thermal electron transfer from ZnTTFP to Li*f@Cy, is “turned
on” via addition of chloride and is “turned off” upon treatment
with excess pyridine. This provides an additional level of
control over a process that is not reflected in the chemistry of
either exT'TFs or quinoidal porphyrins.

ZnTTFP + Li'@C, %—» [Zn(CI)TTEP]® + [Li*@Cgl"~
pyridine

As would be expected, complexation of Br™ to ZnTTFP also
appears to be facile. This is evidenced by the fact that the
addition of TBABr to a premixed PhCN solution of ZnTTFP
and Li*@Cy, also results in electron transfer from ZnTTFP to
Li*@Cg in analogy to what is seen for Cl~ (Figure S25,
Supporting Information).

B CONCLUSION

In conclusion, we have synthesized a new class of quinoidal
porphyrin analogues (MTTEPs) capable of existing in three
distinct oxidation states, each separated by one electron. When
subject to two-electron oxidation, aromatization is induced.
This leads to conversion from a saddle-shaped nonaromatic
species to a planar aromatic dicationic porphyrin, which
exhibits a relatively large TPA cross-section value. The redox
potentials of MTTFP may be tuned by metalation, with the
associated electrochemical analyses revealing that MTTFP
should be capable of acting as a strong electron donor. A
particular advantage of these systems is that they are readily
metalated and, as demonstrated by the zinc complex ZnTTFP,
can ligate an axial ligand, thereby allowing the electronic
properties to be tuned via two different modes (metal
complexation and anion coordination). In the case where CI~
or Br™ was bound to the zinc center of ZnTTFP, the electron-
donor ability of the complex was further enhanced and this
fine-tuning makes possible electron transfer from ZnTTFP to
Li*f@Cg. Upon addition of pyridine to the chloride complex,
back electron transfer took place, demonstrating the necessity
of the Zn—halide bond for the forward reaction, as well as the
versatility of the system.

The salient features of the MTTFPs—namely, access to
three distinct 4n +y (y = 0, 1, 2) #-electron configurations, fine-
tuning of the redox features through metal coordination and
anion complexation, thermal electron transfer to Li*@Cg, and
high TPA values—are not observed in the case of either other
easy-to-access tetrapyrrolic derivatives (including quinoidal
porphyrins and TTF-porphyrins) or the anthracene-derived
exTTF systems. We thus think that the present systems may
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have a role to play in advancing our understanding of how
modifications of relatively simple structures can be translated
into potentially useful properties and electronic applications.

B EXPERIMENTAL SECTION

Materials and General Methods. All chemicals were obtained
from Acros Chemical Co. or TCI America in reagent-grade purity and
used without further purification unless otherwise noted. PhCN was
distilled over P,Os immediately before use; the middle 50% was
collected. Proton (400 MHz) and"*C (100 MHz) NMR spectra were
measured on a Varian 400/54/ASW instrument. Chemical shifts (&
scale) are reported in parts per million (ppm) relative to residual
solvent and internal standard signals [deuterated dimethyl sulfoxide,
DMSO-dg (2.50 ppm) and acetone-ds (2.05 ppm) for 'H; CD;Cl
(772 ppm) and CD;CN (1.3 ppm) for'*C]. UV—visible—near-IR
spectra were recorded on a Cary 5000 spectrometer in a 1 cm quartz
cuvette. HRMS were recorded on an Agilent 6530 accurate mass
quadrupole time-of-flight liquid chromatograph/mass spectrometer
(QTOF/LC-MS) (with electrospray ionization, ESI) and a Ionospec
9.4 Fourier transform ion cyclotron resonance (FT-ICR) instrument
(with matrix-assisted laser desorption ionization, MALDI).

Electrochemical Measurements. All electrochemical measure-
ments were carried out on a CV-50 electrochemical analyzer in
dichloromethane (CH,Cl,) at 298 K with 0.1 M TBAPF; as the
supporting electrolyte. A glassy carbon working electrode was used, as
well as a platinum wire counter electrode and an Ag/AgCl or Ag/
AgNO; reference electrode. The working electrode was routinely
polished by standard polishing procedures.

Electron Paramagnetic Resonance Measurements. The EPR
spectra were recorded on a JEOL X-band spectrometer (JES-RE1XE)
under nonsaturating microwave power conditions (1.0 mW) operating
at 9.2 GHz. The magnitude of the modulation was chosen to optimize
the resolution and the signal-to-noise ratio (S/N) of the observed
spectrum (modulation width, 20 G; modulation frequency, 100 kHz).
The g values were calibrated by use of an Mn>* marker.

Femtosecond Transient Absorption Measurements. The
femtosecond time-resolved transient absorption (TA) spectrometer
consisted of a near-IR optical parametric amplifier system (Quan-
tronix, Pallitra) pumped by a Ti:sapphire regenerative amplifier system
(Quantronix, Integra-C) operating at 1 kHz repetition rate and an
optical detection system. The generated output signals from the
optical parametric amplifier had a pulse width of ~100 fs in the range
of 480—700 nm, which were used as pump pulses. White light
continuum (WLC) probe pulses were generated by use of a sapphire
window (3 mm thickness) by focusing a small portion of the
fundamental 800 nm pulses. The time delay between pump and probe
beams was carefully controlled by making the pump beam travel along
a variable optical delay (Newport, ILS250). Intensities of the spectrally
dispersed WLC probe pulses are monitored by two miniature
spectrographs (OceanOptics USB2000+). To obtain the time-resolved
transient absorption difference signal (AA) at a specific time, the
pump pulses were chopped at 25 Hz and absorption spectra intensities
were saved alternately with or without the pump pulse. Typically, 6000
pulses were used to excite the samples to obtain the TA spectra at a
particular delay time. The polarization angle between pump and probe
beam was set at the magic angle (54.7°) in order to prevent
polarization-dependent signals. Cross-correlation full width at half-
maximum (fwhm) in pump—probe experiments was less than 200 fs,
and chirp of WLC probe pulses was measured to be 800 fs in the 400—
1200 nm region. To minimize chirp, all reflection optics were used in
the probe beam path and a 2 mm path length quartz cell was
employed. After the TA experiments, the absorption spectra of all
compounds were carefully checked so as to avoid artifacts arising from,
e.g.,, photodegradation or photo-oxidation of the samples in question.

Two-Photon Absorption Experiments. Two-photon absorption
(TPA) spectra were measured in the near-IR region by the open-
aperture Z-scan method with 130 fs pulses from an optical parametric
amplifier (Light Conversion, TOPAS) operating at a repetition rate of
2 kHz generated from a Ti:sapphire regenerative amplifier system

(Spectra-Physics, Hurricane-X). The near-IR beam was divided into
two parts. One was monitored by a Ge-PIN photodiode (New Focus)
as an intensity reference, and the other was used for the transmittance
measurement. After passing through a 10 cm focal length lens, the
laser beam was focused and passed through a 1 mm quartz cell. Since
the position of the sample cell could be controlled along the laser
beam direction (z axis) by use of the motor-controlled delay stage, the
local power density within the sample cell could be simply controlled
under constant laser intensity. The transmitted laser beam from the
sample cell was then detected by the same photodiode as used for
reference monitoring. The on-axis peak intensity of the incident pulses
at the focal point, I, ranged from 40 to 60 GW-cm™>. For a Gaussian
beam profile, the nonlinear absorption coeflicient can be obtained by
curve fitting of the observed open-aperture traces T(z) with the
following equation:

ﬁlo(l - e_%l)
2721 + (z/zo)z]

where o is the linear absorption coeflicient, [ is the sample length, and
z, is the diffraction length of the incident beam. After the nonlinear
absorption coefficient has been obtained, the TPA cross section 6 of
one solute molecule (in units of GM, where 1 GM = 107°
cm*s-photon™"-molecule™) can be determined from the following
relationship:

T(z) =1-

_107%6?Nd
B hv

where N, is the Avogadro constant, d is the concentration of the
compound in solution, h is the Planck constant, and v is the frequency
of the incident laser beam.

Density Functional Theory Calculations. Theoretical calcu-
lations were performed with the Gaussian09 program suite on a
supercomputer (KISTI, IBM).*® All optimized structures were
obtained via density functional theory (DFT) calculations with
Becke’s three-parameter hybrid exchange functionals and the Lee—
Yang—Parr correlation functional (B3LYP) employing the 6-31G(d)
basis set for all atoms.>® The global ring centers for the NICS(0)
(nucleus-independent chemical shift) values were designated at the
nonweighted mean centers of the macrocycles. The NICS(0) value
was obtained with gauge-independent atomic orbital (GIAO) method
based on the optimized geometries. To simulate the ground-state
absorption spectra, the time-dependent (TD) DFT calculation was
employed with (U)B3LYP/6-31G(d) level. In the specific case of
dication H2TTFP*, the long-range corrected TD-CAMB3LYP/6-
31G(d) level calculations of Handy and co-workers®" that give rise to
consistent transitions for charged derivatives were carried out.

Synthetic Procedures. 5,15-Dioxo-10,20-diphenylporphodime-
thene (2). 5,15-Diphenylporphyrin (1) (0.77 g, 1.66 mmol) was
dissolved in a mixture of chloroform (100 mL) and acetic acid (20
mL). A solution of PbO, (4.0 g, 16.7 mmol) was added and the
reaction mixture was stirred for S h open to air, whereafter the mixture
was slowly poured into a saturated aqueous sodium bicarbonate
solution (300 mL) to quench the acetic acid, and the organic and
aqueous phase were separated. The organic phase was passed through
a short plug of Celite to remove residual lead salts. The aqueous layer
was extracted twice with dichloromethane (2 X 100 mL), and the two
organic fractions were also passed through the Celite. The Celite was
washed thoroughly with dichloromethane until the filtrate was
colorless. The combined organic filtrates were evaporated and the
residue was purified by column chromatography over silica gel with
30% hexanes/dichloromethane as the eluent. The dark yellow band
was collected, affording 0.46 g (56% yield) of 2 as a black solid. The
black crystalline solid could be further purified by recrystallization
from hot toluene. The '"H NMR spectral data matched those reported
previously:** (CDCl,, 298 K) & 6.2—2.6 (br s, 4H, g-H), 7.17 (d, ] =
4.4 Hz, 4H, p-H), 7.35—7.45 (m, 10H, Ph-H), 13.85 (br s, 2H, N—H)

pm.
EXTTF-Porphyrin (H,TTFP). To a mixture of $5,15-dioxo-10,20-
diphenylporphodimethene (2) 100 mg, 0.203 mmol) and 4,5-

B
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bis(methylthio)-1,3-dithiole-2-thione (3)** (100 mg, 0.444 mmol) in a
dried 100 mL round-bottom flask was added freshly distilled triethyl
phosphite (3 mL), and the reaction mixture was heated slowly to 90
°C under a nitrogen atmosphere. After the reaction mixture was stirred
for 1 h at 90 °C, another 100 mg (0.444 mmol) aliquot of 3 was
added. The mixture was stirred for an additional 1 h, affording a dark
green solution. After cooling to room temperature, the reaction
mixture was filtered through a fine-fritted glass filter to give a dark
green solid as a “first crop”. The remaining filtrate was poured into
cold methanol (100 mL) and the resulting precipitate was collected by
filtration to yield a “second crop”. The first crop obtained in this way
proved sufficiently pure to be used in further reactions. The second
crop was purified by column chromatography over silica gel (to
remove the product of the homocoupling of 3) with 30% hexanes/
dichloromethane as the eluent; this provided analytically pure
H,TTFP (total yield, 102 mg, 27%). R, = 0.3; '"H NMR (acetone-d;,
298 K) & 2.48 (s, 12H, S-CH;), 6.61 (d, ] = 4.3 Hz, 4H, -H), 6.90 (d,
J = 4.3 Hz, 4H, -H), 7.55 (m, 10H Ph-H) 12.59 (s, 2H, NH); 3C
NMR (CDCl,, 298 K) 5 19.1, 114.1, 117.9, 127.4, 127.9, 128.5, 129.6,
130.9, 138.0, 140.0, 141.7, 152.3; HRMS (positive ESI) m/z
849.04578, calcd 849.04654; MP > 300 °C.

Oxidation of H,TTFP to H,TTFP-2PF,. Free base H,TTFP (20 mg,
0.024 mmol) was dissolved in a minimal amount of dichloromethane
(2 mL). Crystalline NOPF¢ (&~ 45 mg, 0.257 mmol) was quickly
weighed and added in excess, and the reaction was stirred for 15 min.
A precipitate was immediately noticeable. After 15 min, the residual
solvent proved to be nearly colorless, and at this time the solvent and
precipitate were decanted from the leftover solid NOPF, The solution
was filtered and the solids were washed with water and dichloro-
methane until the filtrate was colorless. The solid material was dried
under vacuum at room temperature to give pure H,TTFP-2PF,. 'H
NMR (DMSO-dg, 298 K) & —2.75 (s, 2H, NH), 3.11 (s, 12H, S-CH),
7.92 (m, 6H, Ph-H), 8.24 (dd, ] = 1.45, 7.75), 8.99 (br s, 4H, f-H),
9.68 (br s, 4H, -H); *C NMR (CDCl,, 125 MHz, 298 K) & 19.4,
1259, 127.0, 1284, 1313, 1343, 134.5, 141.4, 1489, 152.0, 155.5;
HRMS (positive ESI) for z = 1, m/z 849.046 93, calcd 849.046 54; for
z =2, m/z 425.027 27, caled 425.02691; mp > 300 °C.

General Metalation Procedure for H,TTFP. Compound H,TTEP
(20 mg, 0.024 mmol) was dissolved in dichloromethane (50 mL) and
excess metal acetate M(OAc), (100 mg) dissolved in MeOH (1 mL)
was added. The solution was stirred for 1 h or until all H,TTFP was
consumed, as judged by thin-layer chromatography (TLC) analysis.
After removal of the solvent, the residue was purified by column
chromatography over silica gel to give the target complexes,:

ZnTTFP. Eluent dichloromethane; R; = 0.8 (87% yield); '"H NMR
(DMSO-d,, 400 MHz, 298 K) & 2.43 (s, 12H, S-CH,), 6.40 (d, ] = 4.2
Hz, 4H, f-H), 6.85 (d, ] = 42 Hz, 4H, p-H), 7.47 (m, Ph-H); "*C
NMR (CDCl,, 125 MHz, 298 K) § 19.0 116.3, 117.8, 127.1, 127.5,
128.0, 130.7, 131.6, 139.5, 141.7, 155.7; HRMS (positive MALDI) m/
2 909.9524, caled 909.9522; mp > 300 °C. This compound was further
analyzed by single-crystal X-ray diffraction analysis.

CUTTFP. Eluent 30% hexanes/dichloromethane; = 09 (73%
yield). As noted under Spectroscopic Studies of MTTFP, the EPR
spectrum of this complex is consistent with the proposed structure. A
clean HPLC chromatogram of this paramagnetic species was also
obtained. HRMS (positive MALDI) m/z 908.9516, calcd 908.9527;
mp > 300 °C. This compound was further analyzed by single-crystal X-
ray diffraction analysis.

NITTFP. Eluent dichloromethane; R, = 0.9 (82% yield). '"H NMR
(DMSO-dg, 400 MHz, 298 K) & 2.46 (s, 12H, S-CHj), 6.65 (d, ] = 4.5
Hz, 4H, -H), 6.89 (d, ] = 4.5 Hz, 4H, #-H), 7.52 (m, 10H, Ph-H). *C
NMR could not be taken due to precipitation from DMSO-d4 upon
standing over several hours. HRMS (positive MALDI) m/z 903.9587,
caled 903.9584; mp > 300 °C.

Preparation of ZnTTFP-TBACI. For absorption and CV studies,
ZnTTFP-TBACI was prepared in situ by the addition of 1.2 mol equiv
of tetrabutylammonium chloride to ZnTTFP in PhCN.
ZnTTFP-TBACI can be isolated as its crystalline salt by the addition
of 3 mol equiv of tetrabutylammonium chloride to ZnTTFP in

dichloromethane followed by slow diffusion of hexanes at 277 K for
several days.

X-ray Crystallography Methods. All data were collected on a
Rigaku ACF-12 with a Saturn 724+ CCD and a Rigaku SCX-Mini
diffractometer with a Mercury 2 charge-coupled device (CCD) by use
of a graphite monochromator with Mo Ka radiation (4 = 0.710 75 A).
The data were collected at 100 K on a Rigaku XStream low-
temperature device. Details of crystal data, data collection, and
structure refinement for each analyzed sample are listed in Supporting
Information. In all cases, data reduction was performed with Rigaku
Americas Corporation’s Crystal Clear version 1.40.>* Each structure
was solved by direct methods using SIR97>® and refined by full-matrix
least-squares on F? with anisotropic displacement parameters for the
non-H atoms using SHELXL-97.>° Contributions to the scattering
factors due to the solvent molecules were removed by use of the utility
SQUEEZE in PLATON98.%® Structure analysis was aided by use of
PLATON9S as incorporated into WinGX.* The hydrogen atoms on
carbon were calculated in ideal positions with isotropic displacement
parameters set to 1.2xUeq of the attached atom (1.5xUeq for methyl
hydrogen atoms). Definitions used for calculating R(F), R, (F*), and
goodness of fit, S, are given in Supporting Information.** The data
were checked for secondary extinction effects but no correction was
necessary. Neutral atom scattering factors and values used to calculate
the linear absorption coefficient are from the International Tables for
X-ray Crystallography (1992).*' All figures were generated with
SHELXTL/PC.* Details of the structures and their refinement may
be obtained from the Cambridge Crystallographic Data Centre by
referencing CCDC 931728 for H,TTFP, 931726 for CuTTFP, 931727
for CuTTFP-20Tf, 931725 for ZnTTFP, and 0001834 for
ZnTTFP-TBACL
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