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Planar and non-planar push—pull chromophores (D-m-A),
consisting of strong electron donors (D) and acceptors (A)
connected by a m-conjugated spacer, feature intense intra-
molecular charge-transfer (CT) interactions!"? and have
recently received considerable attention as functional com-
ponents in molecular electronics and nonlinear optics
(NLO).P®! Transannular CT interactions between nonconju-
gated donors and acceptors in rigid molecular frameworks
have also been extensively investigated. Through-space CT
interactions in cyclophane derivatives, in which the donor and
acceptor moieties are parallel to one another, were estab-
lished by Staab and Rebafkal* and Misumi and Otsubo,”! and
further explored by others.”)! When donor and acceptor are
separated by appropriately aligned, rigid o-bond frameworks,
long-range through-bond CT interactions were also observed
in the UV/Vis spectra.l’! Only a few examples of transannular
CT chromophores with a non-parallel arrangement, so-called
homoconjugated push—pull systems, have been reported, !
since Nakazawa and Murata published the first example of
homoconjugated CT interactions in 9,10-dihydro-9,10-(1,2-
tropylio)anthracene tetrafluoroborate in 1977." In general,
the reported homoconjugative CT interactions have been
mostly restricted to bicyclic [2.2.2] &t systems, and in particular
triptycene derivatives.
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) is a
popular strong oxidizing and dehydrogenating agent with
many uses.'">"* We envisaged that thermal [242] cycloaddi-
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tion between donor-activated electron-rich alkynes and the
electron-deficient C=C double bonds in DDQ could take
place to give new push—pull systems.*! Very recently, during
the completion of the present study, Trofimov et al. indeed
described [242] cycloadditions of DDQ with pyrrole- or
indole-activated alkynes to give a variety of cycloadducts."!
Herein, we describe a new class of homoconjugated push—pull
chromophores (+)-1 to (£ )-9 by [2+2] cycloaddition of N,N-
dialkylanilino (DAA) and ferrocene (Fc)-substituted alkynes
to DDQ. They feature surprisingly strong intramolecular CT
interactions and, to the best of our knowledge, are the first
homoconjugated push—pull chromophores with promising
third-order nonlinear optical (NLO) properties. We also
report the synthesis and characterization of spiro compound
(£)-10 by an electrocyclic ring-opening reaction of (+)-1
followed by a transannular rearrangement.

Good to excellent yields (63-94 %) of DA A-substituted
chromophores (+)-1 to (+)-6 were obtained by [2+2]
cycloaddition of DDQ with the acetylenic precursors 11 to
16 in 1,2-dichloroethane at 25°C (Scheme 1). Analogously,
the Fc-substituted chromophores (£ )-7 to (& )-9 were formed
in 62-90 % yield by reaction of DDQ with alkynes 17 to 19,
respectively. The chromophoric products are deeply colored
solids that are stable at ambient temperature in air. Thermal
gravimetric analysis (TGA) did not show any significant
weight loss (<5 %) below 160°C. However, upon heating a
1,2-dichloroethane solution of (+)-1 at 80°C for 36 h, we
discovered the formation of (4 )-10, in which an unsaturated
v-lactone is spiro-annulated, in 16 % yield as a purple solid. It
originates from electrocyclic ring-opening reaction of (+)-1
to the intermediate cyclooctatrienedione 20, followed by
transannular reaction of the two carbonyl groups and migra-
tion of one cyanovinyl moiety to close the spiro system
(Scheme 2).1 Indeed, density functional theory (DFT)
calculations for the three isomers (+)-1, (£ )-10, and 20 at
the PBE1PBE/6-311 + G(d)//PBE1PBE/6-31G(d) level pre-
dict that (4 )-10 is the most stable and (£ )-1 and 20 are less
stable by 32.2 and 34.2 kcalmol !, respectively.!'’]

The X-ray analyses of (£ )-1, (£)-2, and (£)-7 to (£)-9
revealed that the cycloaddition was regioselective with
respect to DDQ, and occurred at the dicyano-substituted
C=C bond (Figure 1, and Figures S1-S5 in the Supporting
Information). Interestingly, distinct bond length alternations
were observed in the benzene rings in DAA-substituted
cycloadducts (£ )-1 and (+)-2. The DAA rings in both (£ )-1
and (4 )-2 display quinoid character or (for definition and
bond lengths, see caption to Figure 1) of 0.031 A, which is
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Scheme 1. Synthesis of homoconjugated push—pull chromophores
(£)-1 to (£)-9. Reagents and conditions: a) DDQ, 1,2-dichloroethane,
25°C; b) DDQ, 1,2-dichloroethane, 25°C ((£)-7 and (+)-8) or 60°C
((£)-9).
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Scheme 2. Synthesis of donor-substituted spiro compound (+)-10.
Reagents and conditions: a) 1,2-dichloroethane, 80°C.

indicative of a substantial contribution of the quinoidal
structures as a result of efficient homoconjugative CT
interactions. In Fc derivatives (+)-7 to (£)-9, however,
clear bond-length alternations in the substituted cyclopenta-
dienyl (Cp) rings are not observed, which hints at additional
mechanisms of donor-acceptor interactions."”! Short intra-
molecular C—H--O and/or C—H--C contacts at van der Waals
distances between the Fc donor moiety and the dichloroene-
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Figure 1. ORTEP plots of a) (+)-1, b) (£)-7, and c) (£)-10 with
vibrational ellipsoids at 173 K at the 50% probability level.

Arbitrary numbering. Quinoid character:

Sr=(((a+a)/2—(b+b)/2) + ((c +¢)/2— (b+b) [2))2).

In benzene, dr equals 0; in fully quinoid rings, dr=0.08—00.1 A. For
details of the X-ray analyses, including CCDC numbers, see the
Supporting Information.

dione acceptor moiety are seen in the crystal structures
(Supporting Information, Figures S3-S5). These observations
suggest that through-bond interactions are dominant for the
intramolecular CT transition in DAA-substituted cycload-
ducts (£ )-1 to (£ )-6, whereas through-space CT interactions
probably make an additional important contribution in Fc-
substituted cycloadducts (+)-7 to (£)-9. Spiro compound
(£)-10, in which donor and part of the acceptor are
m-conjugated, was also characterized by X-ray analysis
(Figure 1). As a result of the direct m conjugation, its DAA
ring features a higher or value of 0.038 A relative to
homoconjugated (+)-1 and (+)-2.

The efficiency of the intramolecular CT interactions in the
new chromophores was further evaluated by UV/Vis spec-
troscopy, computational studies, and electrochemistry. Com-
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pounds (+)-1 to (+)-9 display very broad CT absorption
bands of moderate intensity, with end absorptions reaching in
some cases into the near-infrared region in CH,Cl, (Figure 2).
The CT character of these bands in (4 )-1to (£ )-6 with DAA
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Figure 2. Electronic absorption spectra of a) DAA-substituted cyclo-
adducts (£)-1to (£)-3, 5, (£)-6, and (£)-10 and b) Fc-substituted
cycloadducts (£)-7 to (£)-9 (b) in CH,Cl, at 298 K.

donors was confirmed by protonation experiments (Support-
ing Information, Figures S9-S15). When a CH,Cl, solution of
(%)-1 was acidified with CF;COOH, the color changed from
purple to colorless and the broad absorption band at 529 nm
completely disappeared. Neutralization with Et;N regener-
ated the original spectra almost quantitatively. DA A-substi-
tuted cycloadducts (+)-1 to (+)-3 feature similar maxima of
their lowest-energy intramolecular CT bands at 4,,,,, =529 nm
(2.34eV, (+)-1), 541 nm (2.29¢eV, (£)-2), and 528 nm
(2.35eV, (£)-3). The CT bands of Fc-substituted cyclo-
adducts (£)-7 to (£)-9 (620 nm ((+)-7), 635 nm ((+)-8),
635 nm ((£)-9)) are weaker in intensity but bathochromically
shifted by about 100 nm relative to those in the spectra of
(£)-1 to (£)-3 (Figure 2b). Incorporation of a second DAA
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donor results in a substantial bathochromic shift of the CT
absorption bands in 5 and (&4 )-6 relative to that of (4 )-4,
which contains only one DA A donor. Thus, the lowest-energy
CT band of 5 is seen at 677 nm (1.83e¢V) with an end-
absorption near 980 nm (1.26 eV; Figure 2a; for solvato-
chromism, see the Supporting Information, Figure S17).

The electronic-transition analysis of (+)-1 to (+)-3 by
time-dependent DFT (TD-DFT) at the TD-PBE1PBE/cc-
pVDZ//PBE1PBE/6-31G(d) level compares well with exper-
imental values (Supporting Information, Tables S5-S7). The
longest-energy absorptions in all of the chromophores are
derived from the transition between the DAA-centered
HOMO and the enedione-centered LUMO. The HOMO
and LUMO orbitals in all three chromophores partially
overlap on the cyclobutene moieties (Supporting Informa-
tion, Figure S20), suggesting a main pathway for the observed
homoconjugative CT interactions through the cyclobutene
rings.

The UV/Vis absorption spectrum of spiro compound
(%£)-10 is dominated by a CT band at 4,,,, =514 nm (2.41 eV)
with a large ¢ value of 23500 Lmol~'cm™" (Figure 2a). DFT
calculations reveal that the intramolecular CT in (+)-10
predominantly arises from the m-conjugated D—A interaction
between the DAA donor and the Cp acceptor moieties
(Supporting Information, Figure S22). The electron-with-
drawing, unsaturated y-lactone moiety, however, should also
contribute to the acceptor potency owing to the spiroconju-
gative effect.l!®!

Cyclic voltammetry (CV; Table 1) and rotating-disk
voltammetry (RDV; Supporting Information, Table S3) in
CH,Cl, (4+0.1molL™"' nBu,NPF,, internal standard Fc'/Fc)
revealed that all of the cycloadducts (£ )-1 to (+)-9 display
two 1e -reduction couples between —0.69 and —1.53 V that
are centered on the quinone core. Each donor moiety (DAA
or Fc) undergoes a 1 e -oxidation step. The effect of
homoconjugative CT interactions in the ground state is
notably visible in the DA A-centered oxidation potentials of
(£ )-4 and 5. The H-substituted derivative (4 )-4 is oxidized at
+0.65V. In (+)-4, the DAA moiety retains nearly full
planarity with the cyclobutene moiety (torsion angle C8-C7-
C17-C18=10.4(8)° in (& )-1), thereby rendering the intra-
molecular CT interactions quite efficient. In contrast, sub-
stitution with a second DA A donor in 5 induces a twist around
the C—C single bond connecting the DAA moiety to the
cyclobutene moiety. This twisting causes a reduced transfer of
electron density from the DAA donor to the dichloroene-
dione acceptor moiety, resulting in a significant cathodic shift
of the first oxidation potential in 5 by 360 mV (+0.65V in
(£)-4 and + 0.29 Vin 5) and of the second oxidation potential
by 130mV (40.52V). A good linear correlation exists
between the optical gap (AE,,; energy of the longest-
wavelength maxima) and the electrochemical gap (AE,cqox)
in (£)-1 to (£ )-6 (Supporting Information, Figure S8).

High third-order optical nonlinearities have in the past
been mostly reported for planar and non-planar wt-conjugated
chromophores. Consequently, this has limited the structural
diversity that can be used to generate desirable nonlinear
optical functionalities. We measured the rotational average of
the third-order polarizability of (£ )-1 to (£)-4, (£)-6, and
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Table 1: CV data and a summary of electrochemical and optical energy
gaps.

Cyclic voltammetry

E° AEp EP AE, odox AEopt
V] [b] [mV] [d] V] [d] V] le] [eV] f]
(£)1 +0.67 75 1.51 2.34
—0.84l8
—1.48M
5 +0.52 90 1.13 1.83
+0.29 60
—0.84 80
—1.53 100
(£)-6 +0.52 80 1.17 1.98
+0.36 60
—0.81 70
—1.51
(£)-7 +0.32 65 1.08 1.99
—0.76 75
—1.538
(£)-10 +0.76 75 1.76 2.41
—1.00

[a] Recorded in CH,Cl, (+0.1 mol L™" nBu,NPFy). All potentials are given
versus the Fc*/Fc couple used as internal standard. Working electrode:
glassy carbon electrode, counter electrode: Pt, pseudo reference
electrode: Pt. Scan rate: 0.1 Vs™'. The complete set of data for (£)-1
to (£)-10, including those from rotating-disk voltammetry (RDV), are
included in the Supporting Information. [b] E° = (E,.+E,;)/2, where E,
and E,, correspond to the cathodic and anodic peak potentials,
respectively. [c] AE,= E,,—E,.q, where the subscripts ox and red refer to
the conjugated oxidation and reduction steps, respectively. [d] E,=irre-
versible peak potential. [e] The electrochemical gap, AE, 4, is defined as
the potential difference between the first oxidative and first reductive
redox potentials. [f] The optical gap, AE,,, is defined as the energy
corresponding to the energy of the CT absorption (4,.,). [g] Reversible
electron transfer at scan rates higher than 1 Vs™.

(£)-10 by degenerate four-wave mixing (DFWM) at a
wavelength of 1.5 micrometers in CH,Cl, solutions (see the
Supporting Information). Homoconjugated chromophores
(£)-1 to (+)-4 and (&£ )-6 displayed moderate to large third-
order polarizabilities (y,,, values), which must be ascribed to
efficient intramolecular CT interactions (Supporting Infor-
mation, Table S4). Whereas (+)-4 showed a y,, value of
(20+1.0)x10*¥ m’ V2, the more extended (= )-6, which
incorporates two DAA donors, gave y,,=(5.0+0.5)x
10~¥ m> V2 Remarkably, this value is comparable to those
obtained for the most efficient planar and nonplanar D-n-A
chromophores of similar size (Supporting Information,
Table S4).'*? Substituents (H, Me, and CN) on the cyclo-
butene ring only slightly affected the y,, value in (+)-1 to
(£)-3: <1.0x10*m’V~2in (£)-1, (0.8+£0.8) x 10 ¥ m°’ V2
in (£)-2, and (1.6+1.0)x10* m*V~? in (&)-3). The spiro
system is also NLO-active; (4 )-10 showed a y,, value of
(25+05)x10 ¥ m° V=2

In summary, we prepared a new family of homoconju-
gated push-pull chromophores by [2+2] cycloadditions of
DDQ to donor-substituted alkynes, and exploited their
unique reactivity to access the first member of a new class
of D-A-functionalized spiro compounds. These cycloadducts
feature intense intramolecular CT interactions as a result of
effective homoconjugation that arises from the rigid bicyclic
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framework. Transannular CT interactions presumably also
contribute in the Fc-derived push—pull systems. Remarkable
third-order polarizabilities suggest new design opportunities
for the development of NLO chromophores, which we are
now fully exploiting.
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