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ABSTRACT: Stepwise condensation reactions of 2,6-dihydrox-
ynaphthalene-1,5-dicarbaldehyde and a phenylenediamine with
concomitant binding of metal ions afforded a trinuclear complex
of a fully 7-conjugated, fused salphen ligand. By changing the
synthetic pathway, we obtained a series of homo- and hetero-
nuclear complexes containing selected combinations of nickel-
(II) and zinc(II) ions. Comparison of the trinuclear complexes’
spectroscopic features with those of analogous dinuclear com-
plexes revealed that the absorption spectrum of each trinuclear
complex is composed of a salphen-centered absorption at 400 nm
and a naphthalene-centered absorption around 500—600 nm,
suggesting that the sr-conjugated system is divided into several

compartments, each of which independently undergoes electronic excitation. Molecular orbital calculations revealed that the formal
fusion of the salphen moieties increases the highest occupied molecular orbital (HOMO) level by ~0.4 eV, which in turn causes the
low-energy absorption observed in the spectra. In contrast, interorbital interactions mediated by the N,O, metal coordination site are
small, even though this site is bridged by an o-phenylene linkage. These results suggest that the coordination site effectively breaks
electronic communication between the compartments, which in turn affect various spectroscopic properties of the 77-conjugated

metallo-polysalphens.

B INTRODUCTION

Interest in arranging metal atoms with various electronic and
magnetic properties has been growing in connection with the
recent development of metal clusters, metal—organic frame-
works, metallo-supramolecular polymers, and other metal-con-
taining materials.' * Conjugated metallopolymers, in which
metal atoms are directly bound to an organic polsymer chain
with extended 77-conjugation, are of special interest™ ® because
these systems are expected to exhibit various properties innate to
TT-conjugated systems such as conductivity, redox activity, photo-
luminescence, and magnetism. As a result of metal binding to a
conjugated polymer ligand, the electronic state of the metal
couples with that of the ligand’s s-system, affording such
interesting phenomena as metallo-aromaticity and valence
tautomerism.”” "> The formation of Schiff-base linkages has been
utilized as a promising means to synthesize sT-conjugated
frameworks."*~'® The imine nitrogen atom serves as a good
donor for metal ions, giving rise to additional effects like shape-
persistence that originate from the structural rigidity induced by
coordination bonding between the metal ion and imine nitrogen.
Several recent publications have reported the observation of
these effects in fully 77-conjugated oligo-nuclear salens (salen = N,
N-disalicylidene ethylenediamine) and salphens (salphen = N,N-
disalicylidene ~phenylenediamine).'”” ' In addition, several
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reports have described the synthesis of metallo-polysalens and -
salphens with 77-conjugated linkers between the coordination sites
by means of polycondensation,”**" cross-coupling,”* and electro-
Iytic polymerization.”*** Among these synthetic routes, the con-
densation of an aldehyde and amine is of particular interest, since
this reaction may afford polymers via reversible formation of a
Schiff-base linkage with concomitant binding of a metal ion to the
resultant coordination site.®

Despite the synthetic efforts mentioned above, a standard
protocol for the design of poly salens/-salphens exhibiting electronic
functions that arise from electronic interactions between metal-
atom coordination sites and 77-conjugated systems has not yet been
achieved. Further studies of the electronic interaction mechan-
isms and their contributions to the improvement of electronic
functions are needed. We anticipated that the fusion of the aromatic
rings of a salen or salphen will bring about a strong interaction
between coordination sites by minimizing complicated effects
arising from torsion of single bonds in the linker unit. To con-
struct fused salphens, we chose 2,6-dihydroxynaphthalene-1,
5-dicarbaldehyde (1) as a constitutional isomer.>® This compound
was first introduced by Dewar, who reported that some coordination
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polymers of the dioxime of 1 exhibit semiconductor perfor-
mance.”” Despite this promising observation, the Schiff-base
chemistry of this aldehyde has not been explored extensively.
Recently, we have synthesized various homo- and heterodinuclear
salphen complexes with 1.>* We observed some substantial changes
in the dinuclear complexes’ spectral profiles as compared to those
of the corresponding mononuclear complexes. Spectroscopic
analysis of a series of heterodinuclear salphens has revealed
absorption bands originating from the intrinsic salphen complex
unit and from a new JT-conjugated sgstem generated by an ideal
cata-condensation of salphen units.”*” We expect that increasing
the number of salphen units in the complexes from two to three
would enable us to evaluate the effect of extensive 7T-conjugation
on the electronic state of the whole metal—organic system. In
this paper, we report the preparation of homo- and heterotri-
nuclear complexes of a fully conjugated, fused salphen ligand
with selected combinations of nickel(II) and zinc(II) ions, and
we describe the spectroscopic properties of the complexes from
both experimental and theoretical viewpoints. These results
provide key molecular design information to enable the realiza-
tion of 7r-conjugated metallo-polysalphens.

B EXPERIMENTAL SECTION

General Procedures. All chemicals and solvents were purchased
from Tokyo Kasei Kogyo (TCI) and were used without further purifica-
tion. Dialdehyde 1 and 4,5-didodecyloxyphenylene-1,2-diamine (2) were
prepared according to the procedures reported previously.”** UV—vis
absorption spectra of a pyridine (spectroscopic grade, 2 x 107° M)
solution of each solute were acquired with a JASCO V-630 spectro-
photometer. NMR spectra were recorded on a JEOL JNM-ECS400
instrument (400 MHz for "H). FT-IR spectra were recorded with a
Shimadzu FTIR-8700 instrument.

Synthesis. Zn;L3. The mononuclear complex ligand ZnL1 was
prepared as reported previously.28b ZnL1 (39.0 mg, 46 umol) and 2
(109 mg, 23 umol) were dissolved in dimethylformamide (DMF,
15 mL), to which a methanolic solution of zinc(Il) acetate dihydrate
(5.2 mg, 23 umol in 4 mL) was added. The mixture was left without
stirring for 24 h at 25 °C, and then the precipitate was collected by
filtration. Methanol (15 mL) was added to the filtrate to afford a second
precipitate, which was collected by filtration. The product Zn;L3, a
reddish brown solid, was obtained at a yield of 41.0 mg (82%). IR (KBr):
Y =1609 (veen), 1268 (Ve_o), 548 (Vo_zn), 496 (Viy_7a) cm ™. MS
(FAB+): m/z 2185.6 (calced. for M™ 2183.1 (exact), 2186.1 (100%)).
C128H175N01,Zn5 - 3H,0 (2243.03): caled. C 68.54, H 8.27, N3.75;
found C 6826, H 8.42, N 3.68. "H NMR ([Ds] pyridine): 0 = 0.89
(t, ] = 68 Hz, 18H, CH), 120—1.39 (m, 96H, —CH,—), 148—1.56
(m, 12H, —CH,—), 1.77—1.89 (m, 12H, — CH,— ), 4.09 (t, ] = 6.0 Hz, 4H,
—CH,0—), 4.14—4.18 (m, 8H, —CH,0—), 6.70 (t,*] = 7.5 Hz, 2H, ArH),
741 (4, %] = 7.5 Hz, 2H, ArH), 744 (t, ] = 7.5 Hz, 2H, ArH), 7.55
(d,*/=10.0 Hz, 4H, ArH), 7.57 (d, *] = 7.5 Hz, 2H, ArH), 7.69 (s, 2H, ArH),
7.90 (s, 2H, ArH), 7.91 (s, 2H, ArH), 8.83 (d, ¥] = 10.0 Hz, 4H, ArH), 9.30
(s, 2H, ArH), 10.18 (s, 2H, —CH=N-), 1020 (s, 2H, —CH=N-).

NiZnNiL3. Mononuclear complex ligand NiL1 was prepared as reported
previously.”®> NiL1 (38.4 mg, 46 umol) and 2 (10.9 mg, 23 ymol) were
dissolved in chloroform (10 mL), to which a methanolic solution of
zinc(II) acetate dihydrate (5.2 mg, 23 umol in 2 mL) was added. The
mixture was stirred at 60 °C for 24 h, and then the precipitate, a reddish
brown solid, was collected by filtration. The product was obtained at a
yield of S0 mg (99%). IR (KBr): v = 1607 (vc—n), 1281 (vc_o), 516
(Vom), 457 (V) ecm™ L. MS (FAB™): m/z 2172.3 (caled. for M+
21711 (exact), 2172.2 (100%)). Cy25H;7sNs0 1oNiZn - 2H, 0 (2229.64):
caled. C 69.51, H 8.29, N3.80; found C 69.36, H 8.34, N 4.03.

Scheme 1. Synthesis of the Trinuclear Complex M,M;,M,L3
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Ni3L3. The trinuclear zinc complex Zn;L3 (30.7 mg, 14 umol) was
dissolved in a mixture of DMF and pyridine (v/v = 25 mL/3 mL), to
which a DMF solution of nickel(II) acetate tetrahydrate (10.6 mg, 43
mmol in 2 mL) was added. The mixture was stirred for 12 h at 60 °C, and
then the precipitate, a dark brown solid, was collected by filtration. The
product was obtained at a yield of 24.0 mg (80%). IR (KBr): v = 1603
(ve=n), 1286 (Ve —o), 542 (Vo i), 457 (Vi) cm . MS (FAB):
m/z 2168.3 (caled. for M' 21652 (exact), 21682 (100%)).
C1asH176N60 15Nz - 3H,0 (2219.19): caled. C 69.16, H 8.34, N3.78;
found C 69.62, H 8.26, N 3.98.

Calculations. Ab initio calculations were performed using Gaus-
sian03w software.>® The geometry of each compound was optimized by
means of the Hartree—Fock method using the 6-31G(d) basis set. For
thus-obtained structures, semiempirical singly excited configuration
interaction (SCI) calculations were performed using the ZINDO/ 13
subroutine incorporated in Gaussian03w. The lowest 15 and 20 singlet
excited states were calculated by direct-CI algorithm®” for dinuclear and
trinuclear complexes, respectively. The molecular orbital coefficients
were visualized with the Jmol 12.0.15 software.*

B RESULTS AND DISCUSSION

Synthesis of the Complexes. Scheme 1 shows the prepara-
tion of a trinuclear complex represented as M,MyM,L3. When
zinc(II) was used as both M, and My, the reaction proceeded
under relatively mild conditions and afforded a good yield of
homotrinuclear zinc complex Zn;L3. In a similar reaction for the
preparation of homotrinuclear nickel complex Ni;L3, however,
the reaction was inefficient; the yield was at most 11%, even after
prolonged heating. We then prepared NizL3 from Zn;L3 via
trans-metalation reactions (Scheme 2), and the product was
obtained at a yield of 80%, which reflected the reactions’
efficiency as reported by Kleij et al.' As anticipated, the UV—vis
spectra of Ni3;L; obtained by two different reaction pathways
were substantially identical (Supporting Information, Figure S1).
We have already confirmed the efficiency of analogous reactions
for a dinuclear zinc complex, which converts to the correspond-
ing nickel or copper complexes.”® These results also suggest that
this synthetic protocol restricts M, and M, to Ni and Zn,
respectively, to avoid unfavorable trans-metalation. Starting from
NiL1, phenylenediamine, and zinc(II) acetate, we obtained the
heterotrinuclear complex NiZnNiL3 at a high yield (99%). It was
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Scheme 2. Nonreversible Trans-Metallation Reactions for an
L3 Ligand Complex
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Table 1. Comparison of "H NMR Chemical Shifts of Selected
Protons in the Labeled Regions Shown in Figure 1

chemical shift (ppm)

H, H, H. Hy
Zn;3L3 A 7.57 7.44 9.30 7.69
B, C 7.55 8.83 10.18 7.90

7.55 8.83 10.20 791

Zn,L2 A 7.55 7.44 9.29 7.68
B 7.53 8.80 10.16 7.89

also confirmed that NiZnNiL3 was converted to Ni;L3 by
refluxing in the presence of nickel(II) acetate, which induced
trans-metalation (Scheme 2).

Table 1 lists the "H NMR chemical shifts of selected signals for
Zn3L3 and Zn,L2 (spectra were shown in Supporting Informa-
tion, Figure S2). For convenience of comparing the signals, we
divided the complexinto three compartments: A, B, and C, which
correspond to the respective labeled sections of the molecules
shown in Figure 1. The azomethine protons (H,) in compart-
ments A, B, and C are all nonequivalent. The two signals in the
low-field region (10.18 and 10.20 ppm) were attributed to the
azomethine protons in parts B and C, where atoms at the peri-
position of the naphthalene ring may exert some steric effects. As
for the aromatic ring in compartment B of Zn;L3, protons H, and
Hy, were hardly distinguishable from the H, and Hj, protons in
compartment C of Zn;L3. In addition, the chemical shifts of
these aromatic protons were quite similar to those of the
corresponding protons in compartment B of Zn,L2 (Table 1).
These observations suggest that the electronic state of the
naphthalene ring is governed by local C,;, symmetry. In other
words, the local electronic state around the naphthalene ring in
Zn;L3 is approximately the same as that in dinuclear complex
Zn,1.2.

The "H NMR spectra of trinuclear complex NiZnNiL3 gave
only a series of broadened peaks in the region for alkyl protons.
This observation is consistent with the results obtained for the
dinuclear complexes Ni,L2 and NiZnL2, which gave similar
broadened spectra due partly to their potential magnetism.
Unfortunately, the trinuclear complexes NizL3 did not produce
any recognizable spectra, because of its poor solubility. The FAB
(positive mode) mass spectra showed only small peaks corre-
sponding to the trinuclear complex, while there were some extra
peaks that imply demetalation, and so on (Supporting Informa-
tion, Figure $3). To characterize Ni;L3 and NiZnNiL3, as well as
Zn;3L3, we compared their FT-IR spectra (Figure 2). The overall
similarity of the peaks in the stretching and bending vibration
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Figure 1. Compartment of di- and trinuclear complexes for 'H NMR
analysis.
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Figure 2. FT-IR spectra of the homo- and heterotrinuclear complexes.

bands suggests that NizL3 and NiZnNiL3 have essentially the
same framework as that confirmed for Zn;L3. The slight
differences observed for several bands around 1500 cm ™' seem
to reflect a difference in the arrangement of metals. Interestingly,
the IR spectrum of the heterotrinuclear complex shows a profile
intermediate between the profiles of the homo nickel and homo
zinc triads, but not a simple superposition of them.

UV—vis Spectra. Figure 3a shows the UV—vis spectrum of
trinuclear complex Ni;L3 together with that of the correspond-
ing dinuclear complex Ni,L2. For each spectrum, the absorption
coefficients were normalized by the number of metal ions per
molecule. Both spectra show intense bands around 400 nm and
moderate bands around 500—600 nm. As discussed later in this
report, these spectral features are common for all the complexes
prepared herein, suggesting that these absorption bands arise
mainly from the 77— transition in the ligand, although there
may be a small contribution from charge transfer between the
metal and the ligand. The normalized absorbances of the two
spectra are quite similar to each other, suggesting that the overall
intensity of each spectrum is roughly proportional to the number
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Figure 3. UV—vis absorption spectra of trinuclear (solid line) and
dinuclear (dashed line) complexes: (a) Ni3L3 and Ni,L2, (b) Zn;L3 and
Zn,L2, and (c) NiZnNiL3 and NiZnL2. Absorption coefficients are
normalized by the number of metal atoms per molecule.

of salphen units within the complex. However, the normalized
absorbance of the trinuclear complex at 500—600 nm is about
1.25 times as large as that of the dinuclear complex. The origins of
the two bands in this region were assigned based on observations
for a series of dinuclear salphen complexes that have the same
naphthalene moiety:*® the shorter-wavelength band was con-
cluded to have originated from the absorption innate to the
salphen moiety, whereas the longer-wavelength band was attrib-
uted to the absorption innate to an additional s-electronic
system generated by the formal fusion of the aromatic rings.
This assignment was verified in terms of quantum chemistry
(vide infra).

The apparent coincidence of the spectra around 400 nm
suggests that there are no significant interactions among the
salphen units through the 77-conjugated system of naphthalene.
However, this result does not necessarily mean that the whole
spectrum is composed of contributions from the individual
salphen units, as evidenced by the absorption at 500—600 nm.
The intensity ratio of trinuclear complex to dinuclear complex in
this region is 1.25, which is close to 1.33 (= 0.667/0.500), the
number ratio of naphthalene moieties per nickel atom between
the two complexes. Consequently, the spectrum of Ni3L3 can be
interpreted as a superposition of the contribution from three

salphen units and two naphthalene moieties. While the observed
intensity is rather smaller than the predicted one, the band of
Ni;L3 at 500—600 nm is slightly red-shifted and significantly
broadened compared to that of Ni,L2, implying the substantial
effect of the elongation of the 77-conjugated system. These results
indicate that the origin of the band around 500—600 nm can be
identified as a local excitation at the bis-metalated Schiff base of
2,6-dihydroxynaphthalene-1,5-dicarbaldehyde.

Similarly, the spectra of Zn3L3 and Zn,L2 exhibit an intense
band around 400 nm and a moderate band around 500—600 nm
(Figure 3b). The two broad absorption bands are again attribu-
table to the absorption innate to a salphen unit and to a
naphthalene moiety, respectively. Although the normalized
absorption of Zn;L3 is slightly reduced compared to that of
Zn,L2, the overall similarity between the two profiles indicates
that the interpretation applied to nickel complexes also applies
here; that is, that the change in absorption observed for Zn;L3 is
caused by the extension of s-conjugation relative to that
observed for the dinuclear complex. In addition, a significant
broadening of the absorption band around 500—600 nm sug-
gests that the delocalization of 7-electrons along the elongated
conjugated system was more pronounced in the zinc complex
than it was in the trinuclear nickel complex.

Figure 3c shows the absorption spectrum of the heterotri-
nuclear complex NiZnNiL3 (solid line). The spectrum has an
intense band at 400 nm and a moderate band around
500—600 nm. On the basis of the above discussion, we can
assume that the former band is composed of the contribution
from the two nickel complexes and one zinc complex with the
salphen ligands. The latter band shows a line shape intermediate
between the shapes of the trinickel and trizinc complexes,
implying that the band is attributable to the absorption innate
to a nickel—zinc heteronuclear complex of 2,6-dihydroxy-
naphthalene-1,5-diimine. Thus, comparing this spectrum with
that of a nickel—zinc heterodinuclear complex is meaningful.
Figure 3c superimposes the spectrum of NiZnL2 (dotted line) on
that of the trinuclear complex. In the region of S00—600 nm, the
profiles of NiZnL2 and NiZnNiL3 are quite similar to each other,
with the latter being about 1.22 times as intense as the former.
This result is consistent with that observed for the nickel homo-
trinuclear complex.

Previously, we reported a detailed study on the electronic state
of 2,6-dihydroxynaphthalene carbaldehydes, revealing that their
lowest-energy electronic transition can be simply described as an
electronic reorganization between covalent and ionic structures
of the resonance hybrid (Scheme 3a).?® The energy difference
between the ground and excited states is considerably influenced
by the position of the formyl group, which increases the
contribution of the ionic structure to the ground state through
resonance-assisted hydrogen bonding (RAHB).3* 3¢ According
to recent theoretical analyses, RAHB is interpreted as the
modification of sT-orbitals’ energy by a proton-bridged, quasi
six-membered ring, rather than the modification of the strength
of hydrogen bonding by the adjacent st-electronic system.>*”3*
This interpretation is seemingly applicable to a metal-bridged six-
membered ring.>”*® Accordingly, we can interpret the absorp-
tion of the fused salphen complexes based on a resonance hybrid
shown in Scheme 3b. Notably, different Kekulé structures can be
drawn for each compartment (A, B, and C) shown in Figure 1. In
other words, this resonance hybrid scheme implies that each com-
partment can independently undergo excitation. This classical
interpretation reasonably accounts for the spectroscopic features
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Scheme 3. Resonance Structures of (a) 2,6-Dihydroxy-
naphthalene-1,5-dialdehyde and (b) Its Schiff-Base Complex
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shown in Figure 3. In addition, we can predict how metal ions
could influence the absorption properties of the naphthalene
moiety: Scheme 3b implies that the metal ions’ electronegativity,
number of d-electrons, and oxidation number might affect the
ratio of contributions from the ionic and covalent structures to
the ground state’s wave function. Namely, a more electronega-
tive, and highly oxidized metal ion with fewer d-electrons, would
induce a covalent interaction with chelating atoms, thus increas-
ing the covalent character of the ground state structure. The
chemical structure in Scheme 3 suggests that the 77-conjugation is
collapsed at nitrogen atoms for the complex in the covalent state.
In this regard, the relatively low electronegativity (Pauling’s
value: Ni 1.91, Zn 1.65) of zinc would have increased the ionic
character in the ground state, which might have resulted in the
incomplete compartmentalization of the homo zinc triad as
compared with the homo nickel triad.

Quantum Chemical Analysis. As discussed in the above
section, the present di- and trinuclear complexes of the fused
salphen ligand exhibit similar spectroscopic features as follows:
(1) an intense absorption near 400 nm that is innate to the
salphen moiety; (2) a moderate absorption near 500—600 nm
that is innate to the bis-metalated 2,6-dihydroxynaphthalene; (3)
relative intensities of these two bands that are roughly propor-
tional to the number of the respective moieties contained in each
molecule. These results suggest that the 77-conjugated system can
be divided into several compartments, each of which indepen-
dently undergoes excitation. This picture is, at first glance,
inconsistent with an empirical relationship between the elonga-
tion of sT-conjugation and absorption maximum. One classical
interpretation of this phenomenon is given by Scheme 3, which
indicates that various Kekulé structures can be drawn indepen-
dently for each salicylaldehyde Schiff-base moiety. In this section,
we describe a more modern interpretation supported by a
theoretical background.

We optimized the geometries of the dinuclear and trinuclear
nickel complexes, for which alkyl chains were truncated to methyl
groups for the sake of computational efficiency. We accepted

Table 2. Selected Data for the Results of SCI Calculation of
Di- and Trinuclear Salphen Complexes

dominant

Acalea./nm contributions oscillator

(state) (CI coefficients) strength  Agpsa/nm

Ni,L2 464 ('B,) 143—146 (—0.20)
144—145 (0.60)
142—145 (—0.31)
142—147 (0.31) 1.10

143—146 (0.37) 401
140—145 (0.39)
142—145 (—0.30)
212—215 (—0.37)
213—214 (0.49)
212—214 (0.43)
213—215 (—0.39)
210—214 (0.22)
210—216 (0.22)
211215 (—0.22) 0.96
211217 (0.22)
212—216 (0.23)
210—217 (0.29)
211—216 (0.30)
211—217 (0.23) 407
212—218 (0.29) 027

213—219 (0.28)

207—214 (0.30)

208—215 (0.21) 1.52

209—214 (0.26)
207—215 (0.24)
209—215 (0.22)

0.56 580

401 ('B,)

355 ('By) 099

Ni;L3 473 ("By)
0.68

452 ("Ay) 583

0.49

408 ("A,)

396 ('B,)

391 (*A;)

361 ('B;)

352 (*Ay)

Cyp, and C,, structures as energy-minimum structures for Ni,L2
and NizL3, respectively, to simplify the subsequent orbital
analysis, although those structures may not necessarily be
global-minimum structures. Unfortunately, for similar complexes
containing zinc atom(s), we could not achieve convergence of
the structure under the conditions employed. For the optimized
structures of nickel complexes, we calculated the absorption
maxima using the ZINDO method.>" Table 2 lists the calculated
wavelengths selected for intense 71— excitations, the electronic
configurations and dominant contributions to the corresponding
excited state, the oscillator strengths, and plausible assignments
to experimentally observed wavelengths. Using these data, we
simulated the absorption profiles of Ni,L2 and NizL3
(Supporting Information, Figure S4). Although the simulation
qualitatively reproduced the observed profiles, the calculation
underestimated the wavelengths of absorption maxima. In view
of the limitation of the approximation used, the discussion should
be confined to a semiquantitative level with respect to the
reproduction of the wavelength.

For Ni,L2, the absorption at 580 nm was assigned to the
lowest T—s* excitation that is characterized by transition from
#144(HOMO) to #145(LUMO) orbitals. The broad, intense
band around 401 nm was assumed to include two modes of
excitation, which are represented by transitions between near-
HOMOs and near-LUMOs. For Ni3L3, the absorption at 583 nm
was assumed to include two modes of excitation, which are
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Figure 4. Schematic representation of interorbital interaction that generates near-HOMO orbitals of Ni,L2.

characterized by transitions from #212(HOMO-1) or #213-
(HOMO) to #214(LUMO) or #215(LUMO-1). The band
around 407 nm was assumed to include five modes of excitation,
which are represented by transitions between near-HOMOs and
near-LUMOs. Note that the summed oscillator strength of the
lower-energy band calculated for NizL3 was 1.17 (= 0.68 + 0.49),
which is roughly twice the corresponding value (0.56) calculated
for Ni,L.2. This result is consistent with the observation that the
intensity of each band was roughly proportional to the number of
naphthalene moieties in the respective molecules. In addition, the
summed oscillator strength of the higher-energy band calculated
for Ni;L3 was 3.20 (= 0.96 + 0.11 + 0.27 + 1.52 + 0.34), which is
roughly 1.5 times the corresponding value (2.09) calculated for
Ni,L2. This ratio is also consistent with the observation that the
intensity of this band is roughly proportional to the number of
salphen moieties present in the respective molecule.

To gain further insight into the effect of elongated 77-conjugation,
we compared the orbital energy and spatial extent of near-HOMOs
and near-LUMOs relevant to the observed 7—s* transitions for
nickel triads. As shown in Figure 4, #144 orbital (HOMO) of the
dinuclear complex is localized at the central naphthalene moiety,
that is, compartment B in Figure 1, and the shape of the nodules
is reminiscent of the HOMO of 2,6-dihydroxynaphthalene-1,
S-carbaldehyde. On the other hand, #143 orbital (HOMO-1) is
localized at the terminal salphen moieties (compartment A in
Figure 1). The spatial extents of #144 and #143 orbitals correspond
to symmetric and antisymmetric combinations of the salphen
#75 (HOMO), respectively. From Figure 4, we can estimate the
coupling constant to be about 0.4 eV. Similarly, #145 (LUMO)
and #146 (LUMO+1) orbitals are regarded as results of anti-
symmetric and symmetric combinations of the salphen’s #76
orbital (LUMO), respectively, and the coupling constant is 0.32 eV.
These interorbital interactions raised the HOMO and lowered
the LUMO, which in turn resulted in the appearance of the
absorption band at 500—600 nm.

A similar analysis was applied to the near-HOMOs and near-
LUMOs of the trinuclear complexes. Figure S illustrates the
correlation diagram of the molecular orbitals between di- and
trinuclear nickel complexes. Notably, the #212—#215 orbitals
of NizL3 are localized at the naphthalene moieties (i.e.,
compartments B and C). The #212 and #213 orbitals can be
regarded as the antisymmetric and symmetric combination of
the naphthalene HOMO, respectively, and the former is more
stable than the latter by 0.07 eV. Similarly, the coupling of
naphthalene’s LUMO resulted in the #214 and #215 orbitals,
which are separated by 0.13 eV. These splitting values for the

naphthalene orbital are small compared to those of the inter-
orbital interaction between the salphen orbitals, indicating that
the salphen’s metal coordination site effectively breaks the 7-
conjugation in the complex. The splitting of the orbltals results
in two possible modes of excitation that lead to !B, and ‘A,
states, but the corresponding absorption peaks overlap each
other in one slightly broadened band because of the small
difference in excitation energy between these states. Conse-
quently, it is suggested that because of the small interorbital
coupling through the coordination sites, the absorption spectra
can be interpretable as a sum of contributions from each of
compartmentalized 77-conjugated systems.

The orbitals that give rise to the higher-energy absorption
band, are rather localized around the terminal salphen complex
moieties (i.e., compartment A). As shown in Supporting Infor-
mation, Figure S5, Orbitals #142 and #143 of Ni,L2 can be
regarded as the symmetric and antisymmetric combinations of
the salphen HOMO, respectively, and the former is more stable
than the latter by 0.06 eV by virtue of coupling with the next-
HOMO-type orbital of the naphthalene moiety. This splitting is
also regarded as a result of the interorbital interaction between
two salphen moieties when they are fused into a naphthalene
ring. Similarly, orbitals #146 and #147 are the symmetric and
antisymmetric combinations of the salphen LUMO, respectively.
The transitions among those four orbitals (#142, #143, #146, and
#147) result in two 'B, excited states, which can be classically
interpreted as two salphen moieties individually undergoing
electronic excitation. For Ni3L3, although the situation is more
complicated, the transitions  among six orbitals (#209 211 and
#216—218) result in three 'A, states and two 'B; states, which
can be classically interpreted as three salphen moieties individu-
ally undergoing electronic excitation (Supporting Information,
Figure SS).

To investigate the effect of changing metal ion(s) on the
electronic structure, we performed similar ZINDO calculations
for the molecular structures of some heterotrinuclear complexes
that were obtained by replacing the nickel atom with another
metal. Although the geometry optimization of those structures
was not successful, the computational results would rather high-
light the net effect originating from metal ion. The calculated
excitation energies that correspond to the observed absorption
maxima were not substantially affected by the combination of
metal atoms, namely, Ni—Ni—Ni, Ni—Zn—Nj, and Zn—Zn—
Zn triads. These results are quite reasonable since those excita-
tions have few contributions of d-orbitals, and are in agreement with
the experimental results. The shape of the nodules of near-HOMO
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and near-LUMO orbitals was essentially identical among three
arrangements of metal atoms. However, the orbital energies of
those orbitals were appreciably changed depending on the
arrangement. Figure 6 shows the energy of selected orbitals for
the possible combinations of nickel and zinc atoms. It is notable
that the energy difference between HOMO and HOMO-1 is
significantly larger for Ni—Zn—Ni, Ni—Zn—Zn, and Zn—Zn—
Zn triads than for the others, indicating that the central zinc atom
increases interorbital interactions between naphthalene’s HOMO-
like orbitals on the both sides. This tendency is in agreement with
the consideration based on resonance hybrid (Scheme 3). In
contrast, the energy difference between LUMO and LUMO+-1
shows an opposite tendency. The apparent degeneracy between
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HOMO-2 and HOMO-3 and between LUMO-2 and
LUMO+-3 is resolved for asymmetric triads, that is, Ni—Ni—Zn
and Ni—Zn—Zn, consistent with these orbitals being localized at
the terminal salphen moieties. Although the level of approxima-
tion is not sufficient for quantitative discussion, the present
calculations strongly suggest that the combination of metal
atoms significantly affects the electronic state of the fused salphen
triad. Consequently, it is expected that the choice of metal ion(s)
with various properties such as electronegativity, the number of
d-electrons, and oxidation number could tune the electronic com-
munication between 77-conjugated systems through a salphen unit.

Bl CONCLUSIONS

Utilizing a stepwise condensation reaction of 2,6-dihydroxy-
1,5-dicarbaldehyde, we have prepared a series of homo- and
heteronuclear triads embedded into a 77-conjugated fused sal-
phen ligand. These compounds not only are attractive in their
shape-persistence, but also provided us with comprehensive
information on the effects of an extended 77-conjugated system
on the absorption properties of salphen complexes. Comparison
of the trinuclear complexes’ spectroscopic features with those of
analogous dinuclear complexes revealed that the absorption
spectra of the trinuclear complexes are composed of a salphen-
centered absorption band at 400 nm and a naphthalene-centered
absorption band around 500—600 nm. This observation suggests
that the sr-conjugated system is divided into several compart-
ments, each of which independently undergoes electronic ex-
citation. This compartmentalization was more clearly observed
for nickel complexes than for zinc complexes. Close analysis of
the results of molecular orbital calculations revealed that inter-
actions mediated by the naphthalene ring between the coordina-
tion sites are appreciably large. These interactions were interpretable
as interorbital interactions resulting from the formal fusion of
benzene rings into a naphthalene ring. However, the N,O, metal

dx.doi.org/10.1021/ic200798d |Inorg. Chem. 2011, 50, 5298-5306



Inorganic Chemistry

coordination site effectively breaks electronic communication by
breaking the 77-conjugation, even though the site is bridged by an
o-phenylene linkage. These results may demand reconsideration
of the molecular design of 77-conjugated metallo-polysalen/-
salphens. Specifically, to make full use of conjugated systems
for improving various electronic and optical properties in these
complexes, further consideration should be given to the design of
the coordination site, including bridge(s) and metal(s), as well as
that of the linker moiety. For example, chemical or electroche-
mical treatment could change the oxidation state of the coordi-
nation site, which could increase or decrease the number of
m-electrons and thus change the nature of the interorbital
interactions between the two halves of the salphen moiety
through the coordination site.

B ASSOCIATED CONTENT

© Supporting Information.  Supplementary 'H NMR
spectra, some computational results, and the numerical data of
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