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A novel one-pot procedure starting from the corresponding M(acac)s*nH,0O, metal-free phthalocyanine H,Pc’, and
naphthalonitrile in the presence of DBU in n-octanol has been developed to prepare heteroleptic (naphthalocyaninato)-
(phthalocyaninato) rare earth double-decker complexes. A series of six sandwich compounds with different
naphthalocyaninato ligands, phthalocyaninato ligands, and central rare earth metals, namely, Sm[Nc(fBu)](Pc)
[Nc(Bu)s = 3(4),12(13),21(22),30(31)-tetra(tert-butyl)naphthalocyaninato; Pc = unsubstituted phthalocyaninato] (1),
Sm(Nc)(Pc'") [P’ = Pc(OCsHii)s, Pc(OCgH17)s; Nc = 2,3-naphthalocyaninato; Pc(OCsHy)s = 2(3),9(10),16(17),-
24(25)-tetrakis(3-pentyloxy)phthalocyaninato; Pc(OCgHi7)s = 2,3,9,10,16,17,24,25-0ctakis(octyloxy)phthalocyaninato]
(2, 3), and M(Nc)[Pc(o-OCsHis)q] [M = Sm, Eu, Y; Pc(a-OCsHyy), = 1,8,15,22-tetrakis(3-pentyloxy)phthalocyaninato]
(4-6), have been isolated in good yields from this one-pot procedure demonstrating the generality of this synthetic
pathway. In addition to spectroscopic analyses, the electrochemistry of these novel compounds has also been
studied by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) methods.

Introduction suitable than phthalocyanines for potential application in
photoelectrochemical cells and electrophotography.

Phthalocyanines are an important class of pigments that It is also well-known that phthalocyanines can form

have fascinated scientists for many years because of the'rsandwich-type complexes with a range of metal ions,

applications in various disciplinésLinear and angular ,.1,ding rare earths, actinides, early transition metals, and

annelation of benzene rings to the phthalocyanine core leads g e main group metaté.The resulting bis(phthalocyani-
to 2,3- and 1,2-naphthalocyanine, respectively. The more nato) metal complexes, especially the rare earth double-

extended delocalized-electron system of naphthalocyanine, - yecyers, possess intriguing and unique electronic and optical
especially the 2,3 isomer, in comparison with that of . ,0ties which make them useful in materials science
phthalocyanine generates unique physical, SPeCtroscopiCy o, ise of their possible applications in molecular electron-
electrochemical, and photoelectrochemical properties. Forics, molecular information storage, and nonlinear optfcs.
instance, the red-shifted electronic absorption maxima andyyhile the chemistry and properties of homoleptic bis-
photoconductive properties make naphthalocyanines more(phthalocyaninato) rare earth complexes have been exten-

sively studied for several decades and homoleptic bis(naphth-
alocyaninatd) 7 and heteroleptic bis(phthalocyaninato) ana-
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logue$? have also been well investigated in recent years,
still little is known about the heteroleptic (naphthalocyani-
nato)(phthalocyaninato) rare earth analogues. Actually, a few
reports deal with the naphthalocyanine-containing hetero-
leptic double-decker complexes, but virtually all of them are
confined to thdutetium complexes$: 15

Through the continuous efforts of this group to learn more
about sandwich tetrapyrrole metal compounds, we recently
developed efficient methodologies for preparing heteroleptic
bis(phthalocyaninato) rare eaffhmixed (phthalocyaninato)-
(porphyrinato) rare earti,and mixed (naphthalocyaninato)-
(porphyrinato) rare earth complex®sin this paper, we
describe a new general pathway for heteroleptic (naphthalo-
cyaninato)(phthalocyaninato) rare earth compounds, which
involves a simple one-pot procedure, and systematically study
the spectroscopic and electrochemical properties of a series
of heteroleptic (naphthalocyaninato)(phthalocyaninato) rare
earth complexes, hamely Sm[NB(1)4](Pc) (1), Sm(Nc)(P¢
[Pc = Pc(OGH11)4, Pc(OGH17)g] (2, 3), and M(Nc)[Pcf-
OGsH11)4] (M = Sm, Eu, Y) 4-6) (Figure 1).

1: M = Sm, R,=R,=R4=H, R,=tBu

2: M=Sm, Ry;=R,=H, R; and R,,

one is OCsHy;, then the other is H
3: M = Sm, R;=R,=H, R,=R,=0CHj,
4: M =Sm, R;=R,=R;=H, R;=0C;H,;

. . 5: M = Eu, R;=R,=R,=H, R;=0C;sH
Results and Discussion SRR ST
) ) o _ 6: M =Y, R;=R,=R4=H, R;=0C;Hy,
Synthegls of M(N¢)(Pc). PeSplte the ||m|t€d_ species O_f Figure 1. Schematic structure of heteroleptic (naphthalocyaninato)-
heteroleptic (naphthalocyaninato)(phthalocyaninato) lutetium (phthalocyaninato) rare earth complexes M(KRC) with phthalocyanine
complexes, Lu(Nc)(Pc) and Lu(1,2-Nc)(Pc), reported thus ligands.

far, there are a number of synthetic pathways for these o
double-decker compounds. In the mid 1980s, Subbotin etinfra (it is noteworthy that the Q-band of Lu[N&u).J(Pc)

al. claimed, without elemental analysis and mass spectrum,Should be located at a higher energy than that of Sm[Nc-
to have synthesized heteroleptic (naphthalocyaninato)- (tBU)(Pc) since the Q-band of neutral bis(tetrapyrrole) rare
(phthalocyaninato) lutetium Lu[Nc(tBsj{Pc) by fusion of earth(lll)_ complexes is b_Iue-sh_lfted along vv_|th the rare earth
Lu(Pc)t with naphthalonitrile; the only evidence was the contractiofi®). Later, Simon improved this method and
appearance of two separated intense Q-bands at 654 and 778roduced Lu(Nc)(Pc), which was characterized by mass
nm2 This clearly conflicts with the result of the present work SPeCtroscopy, in 25% yield by reaction of Lu(Pc)(OAc) with
which shows one intense Q-band at 723 nm and a re|ative|y2,3—d|cyanonaphthalene mhexanol under catalysis of DBU

weak vibronic band at 646 nm for Sm[NBQ)J](Pc), vide and ammonium molybdafeThe second method involves a
mixed cyclization of phthalonitrile and naphthalonitrile in

the presence of lutetium saft.Obviously, this method is

(6) Nyokong, T.; Furuya, F.; Kobayashi, N.; Du, D.; Liu, W.; Jiang, J.
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T.C. W.; Ng, D. K. P.J. Am. Chem. So@003 125 12257.

(8) Subbotin, N. B.; Tomilova, L. G.; Chernykh, E. V.; Kostromina, N.

A. Zh. Obshch. Khim1986 56, 232;J. Gen. Chem. USSF986 56,
208.

(9) Bouvet, M.; Bassoul, P.; Simon, Nlol. Cryst. Lig. Cryst1994 252
31.

(10) Bouvet, M.; Simon, JChem. Phys. Lettl99Q 172, 299.

(11) Guyon, F.; Pondaven, A.; Guenot, P.; L'Her, Morg. Chem1994
33, 4787.

(12) Ishikawa, N.; Ohno, O.; Kaizu, YChem. Phys. Let1991 180, 51.

(13) Ishikawa, N.; Ohno, O.; Kaizu, Yd. Phys. Chem1993 97, 1004.

(14) Guyon, F.; Pondaven, A.; L'Her, MChem. Commuril994 1125.

(15) Guyon, F.; Pondaven, A.; Kerbaol, J. M.; L'Her, NMorg. Chem.
1998 37, 569.

(16) (a) Jiang, J.; Liu, W.; Lin, J.; Law, W. F.; Ng, D. K. forg. Chim.
Acta1998 268 49. (b) Jiang, J.; Xie, J.; Choi, M. T. M.; Ng, D. K.
P.J. Porphyrins Phthalocyanines999 3, 322.

(17) (a) Jiang, J.; Choi, M. T. M.; Chen, J.; Ng, D. K.Flyhedron1998

17, 3903. (b) Lu, F.; Sun, X.; Li, R.; Liang, D.; Zhu, P.; Zhang, X.;

Choi, C. F.; Ng, D. K. P.; Fukuda, T.; Kobayashi, N.; JiangNéw
J. Chem.2004 18, 1116.

(18) (a) Jiang, J.; Du, D.; Ng, D. K. P.; Xie, Chem. Lett1999 261. (b)
Jiang, J.; Liu, W.; Cheng, K. L.; Poon, K. W.; Ng, D. K. Bur. J.
Inorg. Chem 2001, 413. (c) Jiang, J.; Bian, Y.; Furuya, F.; Liu, W.;
Choi, M. T. M.; Kobayashi, N.; Li, H. W.; Yang, Q.; Mak, T. C. W.;
Ng, D. K. P.Chem. Eur. J2001, 7, 5059.

not practical because of the difficulty in separating the
statistical mixtures of differently substituted bis[(na)phthalo-
cyaninato] complexes. Well characterized, by mass,
NMR, electronic absorption, and electrochemical techniques,
heteroleptic Lu(Nc)(Pc) was obtained by the third method,
i.e., the mixed condensation between(Pic) and Li(Nc) in
the presence of Lu(OAgnH0 in high-boiling point quino-
line.l! To simplify the purification by decreasing the yield
of homoleptic byproducts, Ishikawa employed a stepwise
procedure reacting the half-sandwich compound Lu(Pc)-
(OAC)(H,0), with Na(Nc) in 1-chloronaphthaleng:'3 In-
terestingly, the 1,2-naphthalocyanine-containing heteroleptic
compound Lu(1,2-Nc)(Pc) was also obtained recently by a
similar stepwise route starting from Lu(1,2-Nc)(OAc) and
Liy(Pc)1415

In the present work, we employed a one-pot reaction
procedure using corresponding M(acaahl,O, metal-free
phthalocyanine HPc¢, and naphthalonitrile as starting materi-

(19) Liu, W.; Jiang, J.; Du, D.; Arnold, D. PAust. J. Chem200Q 53,
131.
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Table 1. Analytical and Mass Spectroscopic Data for the Heteroleptic (naphthaocyaninato)(phthalocyaninato) Rare Earth Double-Decker Complexes

1-62

analysis (9%9)

compd yield (%) M (m/2)b C H N
Sm[NcBu)](Pc) (1) 25 1600.5 (1600.2) 70.42 (70.92) 4.46 (4.479 13.84 (13.79
Sm(Nc)[Pc(OGH11)4] (2) 59 1720.6 (1720.6) 68.83 (69.82) 4.94 (4.69) 13.01 (13.03)
Sm(Nc)[Pc(OGH17)g] (3) 32 2401.1 (2401.2) 71.67 (71.90) 7.16 (7.04) 9.10 (9.32)
Sm(Nc)[Pce-OCsH11)4] (4) 37 1720.2 (1720.6) 68.88 (69.82) 4.75 (4.69) 12.65 (13.03)
Eu(Nc)[Pcf-OCsH11)4] (5) 31 1721.8 (1721.6) 69.33 (69.76) 4.70 (4.68) 12.72 (13.02)
Y(Nc)[Pc(@-OCsH11)4] (6) 34 1658.7 (1658.6) 72.14 (72.41) 4.93 (4.86) 13.15 (13.51)

a Calculated values given in parentheseBy MALDI-TOF mass spectrometry. The value corresponds to the most abundant isotopic peak of the molecular

ion (M*). ¢ For 1-1/4CHCls.

Table 2. Electronic Absorption Data for Double-Deckets6 in CHCls

compd Ama{nm (loge)

1 329 (5.31) 442 (4.64) 646 (5.21) 723 (5.38) 972 (3.99) 1667 (4.25)
2 303 (4.92) 333 (5.04) 419 (4.56) 602 (4.56) 639 (4.72) 728 (4.93) 972 (3.63) 1709 (4.01)
3 302 (5.30) 331 (5.47) 440 (4.79) 603 (4.94) 645 (5.22) 735 (5.35) 982 (4.03) 1760 (4.45)
4 323 (4.08) 435 (3.48) 610 (3.67) 656 (3.95) 753 (4.01) 994 (2.57) 1965 (2.54)
5 323 (4.12) 436 (3.50) 607 (3.68) 655 (3.95) 750 (4.09) 997 (2.62) 1917 (3.16)
6 322 (4.13) 438 (3.48) 600 (3.63) 650 (3.86) 740 (4.17) 1004 (2.75) 1753 (3.18)

als. M(P¢)(acac), generated in situ from M(acaaH,O and

H.Pc in the first step at ca. 14%C, is considered to be the 2 v

template which induces the cyclic tetramerization of dicyano- 5

naphthalene in the presence of DBU in refluximgctanol g

leading to the heteroleptic double-deckers M(KRC) in >

relatively good yield. This proposed mechanism has been § Eu

verified by the formation of Sm[N¢tBu)s](Pc) (1) starting g

directly from M(Pc)(acac) and the corresponding dicyanon- 2 Sm

aphthalene. Furthermore, the generality of this one-pot <

procedure has been well demonstrated by preparation and T T T v

; . . . 500 1000 1500 2000 2500

isolation of the other two series of heteroleptic (naphthalo- Wavelength(nm)

cyaninato)(phthalocyaninato) rare earth double-decker com-

pounds containing different phthalocyanine ligands and rare
earth metals, namely, Sm(Nc)(PfPc = Pc(OGH14)4, Pc-
(OCeH17)g] (2, 3) and M(Nc)[Pc@-OCsH11)a] (M = Sm, Eu,

Y) (4—6). Actually, heteroleptic complexes M(Nc)(Pc) with

both unsubstituted naphthalocyaninato and unsubstituted
phthalocyaninato ligands were also our target compounds

for the purpose of comparative study. However, the limited
solubility of these compounds, particularly after preliminary
purification by column chromatography and recrystallization,
retards further purification and spectroscopic studies. This

Figure 2. Electronic absorption spectra of M(Nc)[BeQCsH11)4] (M =
Sm, Eu, Y) 4—6) in CHCls.

Satisfactory elemental analysis results have been obtained
for all of these newly prepared heteroleptic rare earth
complexes after repeated column chromatography and re-
crystallization (Table 1). Their sandwich double-decker
nature was further deduced by MALDI-TOF mass and NMR
spectroscopies. The MALDI-TOF mass spectra of these
compounds clearly showed intense signals for the molecular
ion (M)* (Table 1). The isotopic pattern closely resembled
the simulated one as exemplified by the spectrum of the

observation seems to contradict the well-described result forheteroleptic double-deckes, given in Figure S1 (see the

the compound Lu(Nc)(Pc) but can be rationalized by the fact

Supporting Information).

that no successive work on the other rare earth analogues, gjectronic Absorption Spectra. The electronic absorption

M(Nc)(Pc) (M = La—Yb except Pm), was found in the
literature after the report of Lu(Nc)(Pc), and it is actually in
good accord with our finding that, once isolated, unsubsti-
tuted double-deckers M(Ng)could not be dissolved in
common organic solvents.

It is worth mentioning that because of tla, symmetry
of the Pc{-OGCsH11)4 ring and the sandwich-like structure,
the molecules of M(Nc)[Pe(-OCsH11)4] (4—6) are intrinsi-
cally chiral possessing &, symmetry. However, attempts
to resolve the two enantiomers 46 by HPLC using a
silica gel column coated with cellulose 2,3,6-tris(3,5-di-

data for all of the heteroleptic compounds were measured
in CHCI; and compiled in Table 2. The electronic spectra
of M(Nc')(Pc) complexes are very similar to those of the
homoleptic analogues, namely, M()Ncand M(P¢),, and
thus could be similarly assigned. Figure 2 shows the
electronic absorption spectra of M(Nc)[lBeOCsH11)4] (M

= Sm, Eu, Y) @—6) in which the dependence of the spectral
features on the metal center is clearly illustrated. All of the
spectra for4—6 show a typical Soret band at ca. 323 nm.
The absorptions at 435438 and 9941004 nm are caused
by electronic transitions involving the semi-occupied orbital,

methylphenylcarbamate) were not successful because of thevhich has a higher Nc character. An additional characteristic

very small differences between the enantiomers.

2116 Inorganic Chemistry, Vol. 44, No. 6, 2005
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Figure 3. Plot of wavenumbers of the RRCT absorption of M(Nc)[Pc- -600-
(0-OCsH11)4] (4—6) as a function of the rare earth ionic radius of'M
be observed for the series of three tervalent rare earth double- 3350 3400 345°[G] 3500 3560 3600

deckers M(Nc)[Pa{-OCsH;1)4]. As shown in Table 2, the _ _
positions of all the absorption bands for this series of F9ure 4. ESR spectrum of Y(NC)[PotOGsHuy)d] (6) in CHCl.
compounds4—6, except the Soret band at ca. 323 nm, are
sensitive to the ionic radius of the metal center shifting to
the red or blue depending on the nature of the transition.
For instance, when the metal center becomes smaller, th
absorption at 9941004 nm shifts gradually to the red, while
the characteristia-radical anion absorption at 1753965
nm, assigned to the rirging charge transfer (RRCT) band
from the dianion to the monoanion radical, is linearly blue-
shifted (Figure 3).

Interestingly, the Q-band for heteroleptic bis(phthalocya-
ninato) rare earth analogues M(Pc¢)[@¢)CsH11)4] has been
found to split giving three strong absorptions because of the
lowering of the whole molecular symmettyHowever, in
the present case for M(Nc)[Rc{OGH11)4 (4—6), their
electronic absorption spectra resemble thoské-8 and do
not reflect the lowering of molecular symmetry by showing
only one intense Q-band at 74@53 nm despite introduction
of a Pc@-OGCsH11)4 unit. This result seems to suggest the
dominant role of the naphthalocyanine ligand to the Q
absorption band of M(Nc)[PafOCsH11)4] (4—6) compared
with that of phthalocyanine. Nevertheless, the contribution
from the phthalocyanine ligand can never be excluded. The
fact that both the main and side Q-bands of Sm{Ria},]-
(Pc) @) lie between the corresponding bands of the homo
leptic counterparts Sm[Nt&u)4].>* and Sm(Pgf? clearly
reveals that the Q absorptions of heteroleptic double-decker
compounds contain contributions from both the naphthalo-
cyanine and phthalocyanine ligands because of the strong
qt—z interaction between the two macrocycle rings connected
by the rare earth ion.

Sm(Nc)(PC) [Pd = PC(OQHM)A,, PC(OQHN)B] (2, 3)
display electronic absorption features similar to those of
analogous compounds-6 and1. Nevertheless, the attach-

ment of more electron-donating alkoxy groups onto the
peripheral positions of the phthalocyanine ligand in com-

ound 3 than in 2 is clearly reflected by the red-shifted
Q-band and RRCT band at 982 and 1760 nm $&r
respectively, in comparison with those at 972 and 1709 nm
for 2.

The presence of an unpaired electron in either the
naphthalocyaninato or the phthalocyaninato ligand (prefer-
entially in naphthalocyanine because of the higher energy
level of the HOMO of Nc in comparison with that of P&
was supported by IR spectroscopy. An intense IR band at
1319-1322 cm* was observed for the whole series of'M
(Nc')(Pc) (1—6). This band, which is also seen in many other
single-hole (na)phthalocyanine-containing double-deckers,
serves as a marker for the (na)phthalocyanine radical &hion.

ESR Spectrum of Y(Nc)[Pc@-OCsHi1)4]. As revealed
by the appearance of the RRCT band in the near-IR range
of the electronic absorption spectra and of the marker IR
band in the IR spectra, all of the heteroleptic double-deckers,
1-6, can be regarded as single-hole complexes in which an
unpaired electron is present in one of the macrocyclic ligands.
This was unambiguously demonstrated by the room-tem-
perature EPR spectrum of "NNc)[Pc@-OCsHi1)s] (6)

" (Figure 4) which showed a characteristic signal for organic
radicals ag = 2.0022 4170.18cThe signal exhibited a poorly
resolved hyperfine structure with peak to peak separation of

NMR Spectra. Because of the presence of the unpaired
electron, NMR data for such single-hole complexes are
difficult to obtain. However, upon addition of hydrazine
hydrate as a reducing agent, well-resolVEdNMR spectra
could be obtained for the reduced form of all of the

(23) (a) Orti, E.; Piqueras, M. C.; Crespo, R.; Bredas, hem. Mater

(20) (a) Bian, Y.; Wang, R.; Jiang, J.; Lee, C. H.; Wang, J.; Ng, D. K. P. 199Q 2, 110. (b) Orti, E.; Crespo, R.; Piqueras, M. C.; Bredas, J. L.
Chem. Commur2003 1194. (b) Bian, Y.; Wang, R.; Wang, D.; Zhu, Synth. Met1991, 41-43, 2647.
P.; Li, R.; Dou, J.; Liu, W.; Choi, C. F.; Chan, H. S.; Ma, C.; Ng, D.  (24) (a) Jiang, J.; Arnold, D. P.; Yu, Holyhedron1999 18, 2129. (b)
K. P.; Jiang, JHelv. Chim. Acta2004 87, 2581. Sun, X.; Bao, M.; Pan, N.; Cui, X.; Arnold, D. P.; Jiang,Alst. J.
(21) Li, R.; Zhang, X.; Pan, N.; Zhu, P.; Kobayashi, N.; JiangJJ. Chem 2002 55, 587. (c) Lu, F.; Bao, M.; Ma, C.; Zhang, X.; Arnold,
Porphyrins Phthalocyanine# press. D. P.; Jiang, JSpectrochim. Acta 2003 59, 3273. (d) Bao, M.;
(22) UV—Vis and near-IR spectra of Sm(Bah CHCl; (Amax (nm) (log Pan, N.; Ma, C.; Arnold, D. P.; Jiang, Yib. Spectrosc2003 32,
€)): 322 (5.26), 460 (4.64), 606 (4.71), 673 (5.38), 905 (3.83), 1636 175. (e) Bao, M.; Bian, Y.; Rintoul, L.; Wang, R.; Arnold, D. P.; Ma,
(4.32). C.; Jiang, JVib. Spectrosc2004 34, 283.
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H,0 DMSO-ds Table 3. H NMR Data ¢) for the Reduced Form of Double-Deckers
1-62
UJL signals for the naphthalocyanine ring
- compd Hya Hgp Hy,
1  8.48-8.58(m,8H) 8.228.30(m,8H) 7.88(d)=8.7Hz, 4H)
=, # 2  855-861(m 8H) 8.27840(m,8H) 7.727.78(m, 8 H)
8 =2 3 8.57 (s, 8H) 8.368.39(m,8H) 7.687.71(m, 8 H)
4  865(s,4H) 8.288.36 (M, 8H) 7.647.71(m, 12 H)
b ' d 8.63 (s, 4 H)
4 5  11.01(s,4H) 9.339.38(m, 4 H) 8.238.30 (M, 8 H)
10.89 (s, 4 H) 9.399.45 (m, 4 H)
6  9.34(s,4H) 8.59-8.65(m, 8 H) 7.847.93 (m, 12 Hy
P 9.31 (s, 4 H)

signals for the phthalocyanine ring

7 - 8 compd Hyar Hgip
N I 1 8.01-8.04 (m, 8 H) 7.747.77 (m, 8 H)
o ® 2 7.84 (dJ=8.1Hz, 4 H) 7.22-7.30 (m, 8 HY
. . £ 10 3 7.32(s, 8 H) -
. 4 - 7.55 (t,J = 7.5 Hz, 4 H)
7.12 (d,J= 7.5 Hz, 4 H)
- ppm 5 10.20 (d,J = 7.5 Hz, 4 H) 8.60 (1) = 7.5 Hz, 4 H)
. 8.11 (d,J="7.5Hz, 4 H)
ppm i ] A ;t 4 6 8.36 (d,J="7.2 Hz, 4 H) 7.47 () = 7.8 Hz, 4 H)
Figure 5. H—'H COSY spectrum of Eu(Nc)[Pa¢OCsH11)4] (5) in compd Signals for the substituents

CDCIy/DMSO-ds (1:1) containing ca. 1% hydrazine hydrate.

1 1.53 (s, 36 HiBu)

. . . 2 4.26-4.38 (m, 4 H, OCH
heteroleptic double-decker complexés;6, in which both 1.68-1. gg(m 16 H, c)u) 0.95-1.05 (m, 24 H, CH)

ic li i ic diani i 3 4.03-4.18 (M, 16 H, OCH), 1.84-1.92 (m, 16 H, CH),
macrocyclic ligands become diamagnetic dianions, i.e., 152160 (m. 16 H, Ch). 1.26-1.44 (M, 64 H, C1),

[M"(Nc'?7)(Pc¢2)]~. Figure 5 shows théH—'H COSY 0.88 (t,J= 6.6 Hz, 24 H, CH)

spectrum of the reduced form &f The tetraer-substituted DG P i 1Ty P S U Y g Y
phthalocyanine ring protons resonatedai0.20 (d), 8.60 0.37 (t,J= 7.2 Hz, 12 H, CH)

(t), and 8.11 (d), as usual. Interestingly, because ofChe > 6'027]5&;'_127_5(3@'(,‘;,'44 8%&3?’29?&%34%”}; E CH)H)d
symmetry of the molecule, the (as well asf) protons of 1.90 (t,J=7.2Hz, 12 H, CH), 1.28 (1) = 7.2 Hz, 12 H, CH)
the unsubstituted Nc are no longer equivalent in the present 6 4-757‘}5;‘_&'(;‘,{*4 ‘.3%&3,11?5581;256‘% 'QHC'?;)H),
environment giving two singlets &t 11.01 and 10.89 (and 0.76-0.85 (m, 24 H, CH)

two multiplets in the regiod 9.33-9.45 for thes protons). aRecorded in CDGIDMSO-ds (1:1) with the addition of ca. 1%

The y protons of the Nc Iigand give a poorly resolved hydrazine hydra;e on a3OQ MHz spectrome‘?eib.v_erlapped with (one of)

. . . the phthalocyanine’s iy signals.c Overlapped with one of the phthalo-
multiplet atd 8.23-8.30. Because of the restricted rotation cyanine’s Hyy signals.d The remaining methylene proton’s mulitplet is
of the 3-pentyloxy substituent along the C(ips®) bond, embedded by the strong signal of DMS@-
the two methyl groups resonate as two well-resolved triplets
at 6 1.90 and 1.28. The diastereotopic methylene protons orbitals. The half-wave redox potential values vs SCE are
give three multiplets ab 3.03-3.13, 2.672.80, and 2.36 summarized in Table 4.
2.40. As revealed by the COSY spectrum, the remaining The availability of Sm(P¢)?> Sm[NcBu)s](Pc) (1), and
multiplet is embedded by the strong DMS@signal. The  Sm[Nc¢Bu)].>** affords a good chance to investigate the
methine proton gives a broad multiplet6.07—-6.17. The  effect of the extension of the ring-conjugated system on the
cross-peaks arising from this proton and the methylene electrochemistry of sandwich double-deckers. Comparison
protons are not seen which may be caused by the neighboringf the electrochemical data for these three complexes reveals
strong water and DMS@s signals. The data for the other that replacement of phthalocyanine by a 2,3-naphthalocya-

five double-deckers together with the assignments arenine ligand induces successive shifts toward the negative
collected in Table 3. direction of all of the redox potentials. However, the shift

induced by the introduction of the second naphthalocyanine
ring is smaller when compared with that from the replace-
ment of the first phthalocyanine ligand.

As can be seen in Table 4, the incorporation of eight
electron-donating alkoxy groups onto the peripheral positions
of the phthalocyanine ring of heteroleptic (naphthalocyani-

Electrochemical Properties.The electrochemical behav-
ior of all of the heteroleptic double-decker complexes was
investigated by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) in CkCl,. These double-decker
compounds displayed up to four one-electron oxidations,

labeled Oxg—0Oxd,, and up to five one-electron reductions .
- : : nato)(phthalocyaninato) double-deckers makes the compound
(Red~Red) within the electrochemical window of GR, easier to oxidize and harder to reduce than the introduction

under the present conditions. The separation between the
of four alkoxy groups onto the same ligand. This is well
reduction and oxidation peak potentials for each process is

65—90 mV. All of these processes are attributed to successive 25) Zhu, P.; Lu, F.; Pan, N.: Amold, D. P. Zhang, S.; JiancEuk. J.
removal from or addition of one electron to the ligand-based Inorg. Chem 2004 510.

2118 Inorganic Chemistry, Vol. 44, No. 6, 2005



Heteroleptic Rare Earth Double-Decker Complexes

Table 4. Half-wave Redox Potentials for Double-Deckdrs6 (V vs SCE) in CHCI, Containing 0.1 M TBAP

compd Oxd Oxds Oxdh Oxdy Red Red Red; Red, Red; AEy? =
1 +1.28 +0.40 —0.03 —-1.14 —1.50 —1.94 0.43 111
2 +0.33 —0.07 —-1.17 —1.58 —2.00 0.40 1.10
3 +1.27 +0.29 —0.13 —-1.21 —1.57 —2.01 0.42 1.08
4 +1.76 +1.27 +1.09 +0.29 —0.05 —1.26 —1.56 —1.78 —-1.92 0.34 1.21
5 +1.78 +1.27 +1.09 +0.27 —0.06 —1.22 —1.52 —1.73 —-1.91 0.35 1.16
6 +1.73 +1.29 +1.10 +0.22 —0.12 —-1.21 —1.50 —-1.72 —1.87 0.34 1.09

a AEys; is the energy for putting a second electron on the semi-occupied HOMO of the neutral double-decker radical M{MN2JPti()4] or for
removing one electron of the two from the HOMO of the reduced double-decker sp&tiNg)[Pc(a-OCsH11)4} ~: AEy, = Oxdh — Red. ® AE},, is the
potential difference between the first oxidation and first reduction processes, i.e., the HOMDO gap of { M(Nc)[Pc(a-OCsH11)4]} —: AE}, = Red —
Red.

demonstrated by the lower oxidation and reduction half-wave phthalocyaninato] metal complexes along with the rare earth
potentials of corresponding redox processes of Sm(Nc)[Pc-contraction is just in line with the red shift of the lowest
(OCsH17)g] (3) compared to those of Sm(Nc)[Pc(6Hi1)4] absorption band of M(Nc)[Pc(a-OCsH11)4]} ~, 745 nm for

(2). M = Sm to 755 nm for M= Y, recorded in the electronic
The variations of the redox potentials for the series of absorption spectra (Table S1).
M(Nc)[Pc(a-OCsH11)4] (M = Sm, Eu, Y) 4—6) complexes The potential differences between @xahd Red (AE;,)

along with the ionic radii of the rare earth metal centers are for the heteroleptic samarium double-decker complexes
also listed in Table 4. As can be seen, the half-wave containing the unsubstituted and peripherally octasubstituted
potentials for the first oxidation (Oxpand the first reduction ~ phthalocyanine ligand$ and 3 (0.43 and 0.42 V, respec-
(Red) processes involving the semi-occupied orbital decreasetively) are similar to those of corresponding homoleptic bis-
as the size of the metal center becomes smaller, while thosgphthalocyaninato) counterparts (0.42 and 0.4% biit larger
for the second and the third oxidations (@x@hd Oxd) than that for the bis(naphthalocyaninato) analogue (0.31
involving the second-highest occupied orbital remain almost V).>21 However, the values for the heteroleptic (naphthalo-
unchanged. This is also true for the fourth oxidation which cyaninato)[2(3),9(10),16(17),24(25)-tetrakis(3-pentyloxy)ph-
deals with the third-highest occupied orbital. These results thalocyaninato] rare earth compountis6 (ca. 0.34 V) are
indicate that, along with the lanthanide contraction, the semi- just between those observed for the corresponding M(Pc)-
occupied orbital increases in energy while the energy level [Pc(a-OCsH11)4] (ca. 0.38 V¥®and M[Nc({Bu),]» (ca. 0.31
of the second- and third-highest occupied orbitals remains V).52! These results suggest that these novel heteroleptic
relatively constant. The increase in the energy gap between(naphthalocyaninato)(phthalocyaninato) rare earth complexes
the first- and second-highest occupied orbitals is in ac- are also good molecular semiconduct®rs.
cordance with the blue shift of the longest-wavelength near- )
IR band along with the lanthanide contraction. The potentials Conclusion
for the remaining reduction processes (R&ed, Red, and We have developed a general and efficient synthetic
Red) diminish along with the decrease in the ionic size of pathway for preparing a series of heteroleptic rare earth
the metal center, suggesting that the energy level of thedouble-decker complexes with naphthalocyaninato and ph-
LUMO as well as the second-lowest unoccupied orbital thalocyaninato ligands M(Nj{Pc). The compounds have
increases slightly in the same order (Table 4). been fully characterized with various spectroscopic and
Moreover, the potential difference between Radd Regd electrochemical methods. The sandwich nature of these
(AE},) of the series of M(Nc)[P&(-OCsH1y)4], which double-deckers in solution has also been determined by NMR
represents the HOMOGLUMO gap of the reduced forms of  spectroscopy.
the double-deckers, i.e{M(Nc)[Pc(@-OCsH11)4]}~, de-
creases from 1.21 V (for M= Sm) to 1.09 V (for M=Y). Experimental Section
This reveals the increasing—x interaction between the General Remarks. n-Octanol was distilled from sodium.
naphthalocyanine and phthalocyanine rings along with the pichloromethane for voltammetric studies was freshly distilled from
decreasing the ringring distance from the lanthanide CaH, under nitrogen. Column chromatography was carried out on
contraction. As the first oxidation step and first reduction silica gel (Merck, Kieselgel 60, 70230 mesh) with the indicated
step deal with the HOMO and LUMO of the molecule, eluents. All other reagents and solvents were used as received.
respectively, the energy difference between these redox The compounds M(acaghH,02" HoPC [PC = Pc(OGH11)a,
processes for {M(NC)[Pc(-OCsH11)4]} ~ is associated  Pc(OGH17)s, Pc@-OCsH1)],® Sm(Pc)(acac; and dicyanonaph-
with its electrochemical molecular band gap. The value thallene%O were prepared according to the putla(llshed procedures.
AE;, thus reflects the energy necessary for the transition of tror:erle?ﬂz gge&gi)vrsrgsgg,ag%%: a:?;uw% ?hzxaﬁggi;?ec
an electron from HOMO to LUMO for{ M(Nc)[Pc(a- of ca. 1% hydrazine hydrate. Spectra were referenced internally
OGsH11)4]} ~ and, therefore, correlates with the lowest-energy

optical transition in the electronic absorption spectrum of (26) (a) Bouvet, M.; Simon, Them. Phys. Letf.99q 172, 299. (b) Simon,

{M(Nc)[Pc(o-OCsH11)4]} ~. Actually, the diminishing trend iésﬁg’ndre, J. JMolecular Semiconductor$Springer-Verlag: Berlin,
revealed by electrochemistry for tieE),, value of hetero- (27) Stites, J. G.: McCarty, C. N.: Quill, L. LJ. Am. Chem. Sod 948
leptic (naphthalocyaninato)[1,8,15,22-tetrakis(3-pentyloxy)- 70, 3142.
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using the residual solvent resonanée(49 for DMSOéls) relative nH,O (0.10 mmol), and dicyanonaphthalene (0.40 mmol) in
to SiMe,. The EPR spectrum was recorded in CE&i ambient n-octanol (4 mL) in the presence of 1,8-diazabicyclo[5.4.0]undec-
temperature on a Bruker EMX EPR spectrometer equipped with 7-ene (DBU) (0.05 mL) was first heated at ca. T&for 2 h and
an ER041 XG microwave bridge (X-band). The field was calibrated then heated to reflux fo7 h under a slow stream of nitrogen. The
using 1,1-diphenyl-2-picrylhydrazyl. Electronic absorption spectra resulting green solution was cooled to room temperature, and then
were recorded on a Hitachi U-4100 spectrophotometer. IR spectrathe volatiles were removed under reduced pressure. The residue
were recorded as KBr pellets using a BIORAD FTS-165 spectrom- was chromatographed with CHCAs the eluent to give a dark-
eter with 2 cnt! resolution. MALDI-TOF mass spectra were taken blue fraction containing the target heteroleptic (naphthalocyaninato)-
on a Bruker BIFLEX Il ultrahigh-resolution Fourier transform ion  (phthalocyaninato) rare earth double-decker compounds W)
cyclotron resonance (FT-ICR) mass spectrometer wittyano-4- following the first green fraction containing a small amount of bis-
hydroxycinnamic acid as a matrix. Elemental analyses were (phthalocyaninato) rare earth side product. All compoudds;,
performed by the Institute of Chemistry, Chinese Academy of were recrystallized from a mixture of CHChnd MeOH after
Sciences. repeated chromatography to produce dark powders with yields of
Electrochemical measurements were carried out with a BAS CV- 20—61%.
50W voltammetric analyzer. The cell was comprised of inlets for |t is worth mentioning that for preparation of the unsubstituted
a glassy carbon disk working electrode 2.0 mm in diameter and a phthalocyanine-containing heteroleptic samarium double-deigker
silver-wire counter electrode. The reference electrode was Ag/Ag  Sm(Pc)(acac) (0.05 mmol), was generated from the reactionof Li
which was connected to the solution by a Luggin capillary whose Pc and Sm(acaghH,0 in situ instead of the reaction of the
tip was placed close to the working electrode. It was corrected for insoluble metal-free phthalocyanine and Sm(agaeO.
junction potentials by internally referencing the ferrocenium/
ferrocene (F&/Fe) couple Eyx(Fe'/Fe) = 501 mV vs SCE). Acknowledgment. We thank Prof. Hung-Kay Lee for
Typically, a 0.1 mol dm?3 solution of [BuN][CIO4] in CH.CI, recording the EPR spectrum fér Financial support from
containing 0.5 mmol of sample drhiwas purged with nitrogen  the Natural Science Foundation of China (Grants 20171028,
for 10 min, and then the voltammograms were recorded at ambient20325105, and 20431010), the National Ministry of Science
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General Procedure for the Preparation of M(NC)(Pc) (M = : ; : .
Sm, Eu, ) (1-6). A mixture of H,P¢ (0.05 mmol), M(acac) ;P;ezm;";zekngwl‘g;z of Hong Kong for D.K.P.N. is

28) (a) Kasuga, K.; Kawashima, M.; Asano, K.; Sugimori, T.; Abe, K.; . . . . . .
) ka1 Finata. TCher. Lett1096 367, (5) Dabak, 5. Gurek, Supporiing Information Available: Experimental and simu-

A. G.; Musluoglu, E.; Ahsen, VNew J. Chem2001, 25, 1583. (c) lated isotopic pattern for the molecular ion of Eu(Nc)ec(
Bian, Y.; Li, L.; Dou, J.; Cheng, D. Y. Y.; Li, R.; Ma, C.;Ng, D. K. OGCsHj1)4] (5) shown in the MALDI-TOF mass spectrum and

29) %f%@éﬁhim'I;_i‘]i;n_gbgaor?: gﬁ:%zg%cﬁnz%gy Y. Wang, ©lectronic absorption data for the reduced double-deckers [JHNc

D.; Ng, D. K. P.; Jiang, JChem. Eur. J.in press. (Pc)]~ in CHCI/MeOH (1:1). This material is available free of
(30) (a) Kovshev, E. I.; Punchannova, V. A.; Luk'yanets, EZA. Obshch. charge via the Internet at http://pubs.acs.org.

Khim. 1971, 41, 934;J. Org. Chem. USSR971, 7, 364. (b) Hanack,

M.; Polley, R.Inorg. Chem.1994 33, 3201. 1C048472S
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