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Abstract: A series of 7 cerium double-decker complexes with various tetrapyrrole ligands including
porphyrinates, phthalocyaninates, and 2,3-naphthalocyaninates have been prepared by previously described
methodologies and characterized with elemental analysis and a range of spectroscopic methods. The
molecular structures of two heteroleptic [(na)phthalocyaninato](porphyrinato) complexes have also been
determined by X-ray diffraction analysis which exhibit a slightly distorted square antiprismatic geometry
with two domed ligands. Having a range of tetrapyrrole ligands with very different electronic properties,
these compounds have been systematically investigated for the effects of ligands on the valence of the
cerium center. On the basis of the spectroscopic (UV—vis, near-IR, IR, and Raman), electrochemical, and
structural data of these compounds and compared with those of the other rare earth(Ill) counterparts reported
earlier, it has been found that the cerium center adopts an intermediate valence in these complexes. It
assumes a virtually trivalent state in cerium bis(tetra-tert-butylnaphthalocyaninate) as a result of the two
electron rich naphthalocyaninato ligands, which facilitate the delocalization of electron from the ligands to
the metal center. For the rest of the cerium double-deckers, the cerium center is predominantly tetravalent.
The valences (3.59—3.68) have been quantified according to their Ly-edge X-ray absorption near-edge
structure (XANES) profiles.

Introduction dicarboxylic acid$, and saccharidésitilizing positive homo-
tropic allosterism, and molecular-based multibit information
storage materials as a result of their rich redox propetties.
For the rare earth double-decker series, virtually all the neutral
complexes can be formulated as'{Kting-127)(ring-27)], in

Sandwich-type rare earth complexes of tetrapyrrole deriva-
tives, in particular phthalocyanines and porphyrins, have been
investigated extensively since the first report of bis(phthal-

ocyaninato) complexes [M(Pg)in 1960s! This class of . i - ; L
complexes, with either a double- or triple-decker structure, which a trivalent metal center is sandwiched by a dianionic

usually exhibits strong—z interactions resulting in intriguing macrocycle and a radical anionic ligand, having different extent

electronic and optical properties. These unique features togethelOf (_alect_ron delocallzatlor_]. Among the whole rare ear;h Series,
with other characteristics enable them to function as useful C€fumis the only exception. Having an electronic configuration

materials for a wide range of applications. Some recent papers - - —
(2) (a) Ikeda, M.; Tanida, T.; Takeuchi, M.; Shinkai, Srg. Lett.200Q 2,

have been published on their use as receptors for metafions, ™ 1503, (b) Robertson, A.; ikeda, M.; Takeuchi, M.; ShinkaiBgil. Chem.
Soc. Jpn2001, 74, 883. (c) Ikeda, M.; Takeuchi, M.; Shinkai, S.; Tani, F.;
Naruta, Y.; Sakamoto, S.; Yamaguchi, &hem. Eur. J2002 8, 5542.

(3) (a) Takeuchi, M.; Imada, T.; Shinkai, 8ngew. Chem., Int. EA.998 37,

T Shandong University.

zlnstltute_ of High Energy Physics, Chinese Academy of Sciences. 2096. (b) Sugasaki, A.; Ikeda, M.; Takeuchi, M.; Robertson, A.; Shinkai,
The Chinese University of Hong Kong. S.J. Chem. Soc., Perkin Trans.1999 3259. (c) Takeuchi, M.; Ikeda,

#Queensland University of Technology. M.; Sugasaki, A.; Shinkai, SAcc. Chem. Re®001, 34, 865.

(1) (a) Kirin, I. S.; Moskalev, P. N.; Makashev, Y. Russ. J. Inorg. Chem. (4) (a) Sugasaki, A.; Ikeda, M.; Takeuchi, M.; ShinkaiAhgew. Chem., Int.

1965 10, 1065. (b) Ng, D. K. P.; Jiang, Chem. Soc. Re 1997, 26, 433. Ed.200Q 39, 3839. (b) Sugasaki, A.; Ikeda, M.; Takeuchi, M.; Koumoto,
(c) Buchler, J. W.; Ng, D. K. P. IThe Porphyrin HandbogkKadish, K. K.; Shinkai, S.Tetrahedron200Q 56, 4717.
M., Smith, K. M., Guilard, R., Eds.; Academic Press: San Diego, 2000; (5) (a) Li, J.; Gryko, D.; Dabke, R. B.; Diers, J. R.; Bocian, D. F.; Kuhr, W.
Vol. 3, pp 245-294. (d) Jiang, J.; Kasuga, K.; Arnold, D. P. In G.; Lindsey, J. SJ. Org. Chem200Q 65, 7379. (b) Gryko, D.; Li, J.;
Supramolecular Photo-sensiéi and Electro-actie Materials Nalwa, H. Diers, J. R.; Roth, K. M.; Bocian, D. F.; Kuhr, W. G.; Lindsey, J.JS.
S., Ed.; Academic Press: New York, 2001, pp +230. Mater. Chem2001, 11, 1162.
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of [Xe]4f15d'6<, this lanthanide may also utilize the electron  Homoleptic (A) and Heteroleptic (B) Double-Deckers

in the extended 4f orbital in reactions leading to an additional

+4 oxidation state. Tetravalent lanthanides are virtually confined @

to cerium, and to a much lesser extent praseodymium and \\7/ YW
terbium® The unusual behavior of cerium can be attributed to Ce Ce
the special stability of empty shell @f For all the bis- Q’\b ﬁ
(porphyrinato) complexes [Ce(Pgfr)and the mixed double-

deckers [Ce(Pc)(Por)] reported so fdrit is believed that the (A) (B)
cerium center is tetravalent and both tetrapyrrole rings are

dianionic due to the absence of the characteristic spectral o
features forr radical anions (Pc or Por~) and the occurrence Macrocyclic Ligands
of relatively well-resolved'H NMR signals. Compared with
the porphyrin analogues, bis(phthalocyaninato) cerium com-
plexes have been little studied and the exact valence of the metal
center remains elusivie!® Homborg et al. reported some bis-
(phthalocyaninato) cerium double-deckers in which the cerium
center was described as trivaléetg., [monocation][C&(PE )]

and [C&'H(P&"),]}° or tetravalen{e.g., [C& (P&7),]} .19 The
crystal structure of [Ce(Pg)BF4]o.33was also determined which
seemed to suggest an intermediate valéh¢@n the basis of TBPP X =C-Bu
the infrared and Ce 3d XPS spectroscopic data, Isago and TPyP X=N
Shimoda also suggested that the cerium center in [Cg(Rc)

neither tri- nor tetra-valent and there is a partial delocalization R R
of Pcx electron into a cerium 4f orbitdf We have recently R R @
reported the bis(naphthalocyaninato) cerium double-decker [Ce- \Q‘-&’N\N N
. . . N
{Nc(tBu)4}2],”12 the spectroscopic properties of which are N N 7
similar to those of other rare earth analogued'[Wc(tBu)a} 2] y N _N', ;
(M =La, Pr, Nd, Eu, Gd, Th, Y, Er). This suggests the presence R " N R '
of a trivalent cerium center. To resolve and clarify this R R @
controversial issue, we have prepared a series of cerium double- R
deckers using a range of tetrapyrrole ligands with very different Pc R=H R=H

Pc(OR) g R=0CpHop+

Nc IR
=4
(m=5.8. 12) Nc(tBu)g u

electronic properties (Figure 1), and systematically examined

their electrochemical and spectroscopic properties, including the _ ) i )

X-ray absorption near-edge structure (XANES) of the cerium Figure 1. Schematic structures of cerium double-decker complexes with
Yy p 9 A tetrapyrrole ligands.

center. The results reported herein demonstrate that the valent

state of the cerium center varies from lll to IV depending on Scheme 1. Synthesis of Cerium Double-Decker Complexes

the electronic nature of the two tetrapyrrole ligands. @
. . NC OC ,H \Y¥Z
Results and Discussion (a) [Ce(acac)s]nHo0 + J@: wes _ DBU 0 S
i i NC OC j,Hys MC5H11OH /AN
Synthesis of Cerium Double-Decker Complexed.he new 229

homoleptic bis(phthalocyaninato) complex {@e(OG2Hzz)s} 2] Po{OC+2Has) 1c
= 12H25)8

(6) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, MAdvanced
Inorganic Chemistry6th ed.; Wiley: New York, 1999; pp 1109 and 1125

1127. C >

(7) Abbreviations used for tetrapyrrole derivatives: Nc2,3-naphthalocya- (i) LioPc, TCB \\//
ninate, Nc(Bu), = tetratert-butyl)-2,3-naphthalocyaninate, OEP octa- (b) [Ce(acac)3]nH O ———— e
ethylporphyrinate, Pe= phthalocyaninate, Pc(OR¥ 2, 3, 9, 10, 16, 17, (ii) Hp(TPyP) ﬁ
23, 24-octaalkoxyphthalocyaninate, Pergeneral porphyrinate, TBPR 69 %
mesetetrakis(4tert-butylphenyl)porphyrinate, TMPR= mesetetrakis(4-
methoxyphenyl)porphyrinate, TRP mesetetraphenylporphyrinate, TPyP O =Pc; 1 =TPyP
= mesetetra(4-pyridyl)porphyrinate.

(8) See for example: (a) Donohoe, R. J.; Duchowski, J. K.; Bocian, . F.
Am. Chem. Sod 988 110, 6119. (b) Lachkar, M.; De Cian, A.; Fischer, Ho(TBPP
J.; Weiss, RNew J. Cheml988 12, 729. (c) Buchler, J. W.; De Cian, A.; cN Ha ) pBU
Fischer, J.; Hammerschmitt, P.* ffler, J.; Scharbert, B.: Weiss, Rhem. (¢) [Ce(acac)s]nH20 + +  or
Ber. 1989 122, 2219. (d) Jiang, J.; Machida, K.; Yamamoto, E.; Adachi, CN  Hy(OEP) nCgH170H
G. Chem. Lett1991, 2035. (e) Jiang, J.; Machida, K.; Adachi, 8ull.
Chem. Soc. Jpn1992 65, 1990. (f) Tran-Thi, T.-H.; Mattioli, T. A,;
Chabach, D.; De Cian, A.; Weiss, B. Phys. Chem1994 98, 8279. N\Y2Z O =Nc

(9) (a) Haghighi, M. S.; Homborg, HZ. Naturforsch.1991, 46h, 1641. (b) Ce o o
Haghighi, M. S.; Homborg, HZ. Anorg. Allg. Chem1994 620, 1278. (c) l_//__\\_l 1 =TBPP (4,17 %) or OEP (5, 21 %)
Huckstalt, H.; Tutgs, A.; Goldner, M.; Cornelissen, U.; Homborg, .

Anorg. Allg. Chem2001, 627, 485.
(10) Haghighi, M. S.; Teske, C. L.; Homborg, B. Anorg. Allg. Chem1992

608, 73. 7 i i -bis-
(11) Ostendorp, G.; Rotter, H. W.; Homborg, A. Naturforsch.1996 51h, (10) was prepared by. t.rea:tmg [Ce(acg'}a)HZO Wlth.4'5 b.IS
567. (dodecyloxy)phthalonitrile in the presence of 1,8-diazabicyclo-
12) Isago, H.; Shimoda, MChem. Lett1992 147. 7. i
213; Jiagg, J.; Liu, W.; Poon, K.-W.; Du, D.; Arnold, D. P.; Ng, D. K. Fur. [5.4.0]undec 7-ene (DBU) (SCheme la)' This represe_nts a
J. Inorg. Chem200Q 205. general procedure which has been employed by us previously
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to prepare the pentyloxy [§Bc(OGH11)s} 2] (1a)'4 and octyl-
oxy [Ce{Pc(OGH17)s} 2] (1b) analogued? together with other
bis(phthalocyaninato) rare earth compleXe¥. The bis(naph-
thalocyaninato) analogues [Mic(tBu)s}2] (M = La, Ce, Pr,
Nd, Eu, Gd, Tb, Y, Er) have also been synthesized in a similar
manner using &ert-butylnaphthalonitrile as the starting mater-
ial.13 The yield of the cerium double-decker [{J¢c(tBu)s} 2]
(2) (71%) is much higher than those of the phthalocyanine
counterpartsla—1c (9—49%) and follows the trend observed
for the [M{Nc(tBu)s} ] series, the yield of which decreases
gradually with decreasing the size of the metal center.

The mixed ring double-decker [Ce(Pc)(TPyPR)’( was

prepared by a stepwise procedure as shown in Scheme 1b.

Reaction of [Ce(acag]ynH,O with Li,Pc in 1,2,4-trichloroben-
zene (TCB) followed by the addition of XTPyP) led to3 in
69% vyield together with a substantial amount of the triple-
deckers [C&Pc)(TPyP)] and [Ce(Pck(TPyP)]1’ This proce-

dure is one of the most common synthetic methods to prepare |

mixed double-deckers [M(Pc)(Podfl-9 Weiss et al. have
prepared the closely related double-deckers [Ce(Pc)(Por)] (Por
= TPP, TMPP, OEP) and [@@c(OMe}} (TPP)] by reversing
the order of addition of lithium phthalocyaninate and metal-
free porphyrin’.8

By using the one-pot procedure developed recently by ifs,
the mixed double-deckers [Ce(Nc)(TBPP¥) @nd [Ce(Nc)-
(OEP)] 6) were also synthesiz€dAs shown in Scheme 1c,
treatment of [Ce(acagynH,O with the corresponding metal-
free porphyrin and naphthalonitrile in the presence of DBU in
n-octanol afforded these complexes in ca. 20% yield. It has been
found that the yield of the double-deckers'{¥Nc)(TBPP)] (M
=Y, La—Tm except Ce and Pm) (from 73 to 29%nd [M" -
(Nc)(OEP)] (M=, La—Lu except Ce and Pm) (from 45 to
21%)'° decreases progressively with the size of the metal center
as a result of an increase in axial compression of the two
macrocyclic ligands. The yields of complexésand5, which
are lower than those expected for cerium(lll) complexes, may

*

(@ ©

- ™ AAARARARAAS ARAARAAARRARARRARS ol
8 6 6 4
Figure 2. ™M NMR spectra of (a) [Ce(Pc)(TPyP)3) (b) [Ce(Nc)(TBPP)]
(4), and (c) [Ce(Nc)(OEP)]g) in CDCl. The asterisk indicates residual
solvent signal.

10

centered atd 9.20 and 8.26 for the Pc ring protons. The
[-protons of the TPyP ring resonatedda®.32 as a sharp singlet,
while the four pyridyl protons’ signals appeared as four broad
bands at) 8.98, 8.50, 7.13, and 6.40, as a result of restricted
rotation along the @\esd—C(ipso) bond. To further examine
this dynamic process, a variable-temperature study was per-
formed in tolueneds. Upon increasing the temperature, these
four bands were broadened whereas the remaining signals did
not change significantly. The two downfield pyridyl signals
coalesced at 338 K and re-appeared as a broad band at ca.
8.8 at higher temperatures. The coalesced band for the remaining
two pyridyl signals, however, was not observed which might
be obscured by the strong residual solvent peaks. On the basis
of these temperature-dependent NMR data, the free energy of

indicate that the size of the cerium center in these double-deckergactivation AG* for this rotational process was estimated to be

is actually smaller than a eion.

Spectroscopic Properties™H NMR Spectroscopy.TheH
NMR spectra ofla—1cin CDCl; were very similar showing a
slightly broad signal ab 8.47—8.48 for the phthalocyanine ring
protons, two multiplets ad 4.77-4.86 and 4.444.53 due to
the two sets of diastereotopic OgHrotons, along with other

64.4+ 0.5 kJ mot1.2° The value is comparable with those of
para-substituted tetraarylporphyrinato metal complexes which
normally range from 60 to 80 kJ mdl2! Although this
rotational process is well-known for sandwich-type complexes
containing tetraarylporphyrinato ligands, the corresponding
activation energies are not always given in the literatére.

signals due to the alkyl chains. The naphthalocyanine analogue Figure 2b shows part of thé1 NMR spectrum of [Ce(Nc)-

[Ce{ Nc(tBu)4} 2] (2), however, did not give any signals in the
aromatic region. The spectrum showed only several bands in
the upfield region ¢ 0.6—1.5), suggesting that the compound
is strongly paramagnetic in nature.

The 'H NMR spectrum of [Ce(Pc)(TPyP)]3] in CDCl;
(Figure 2a) showed two well-resolved ABB' multiplets

(14) Jiang, J.; Xie, J.; Ng, D. K. P.; Yan, ¥lol. Cryst. Lig. Cryst1999 337,
385.

(15) Liu, W.; Jiang, J.; Du, D.; Arnold, D. PAust. J. Chem200Q 53, 131.
This compound was tentatlvely formulated as [@BH(OGH17)s} ] in this

paper.

(16) (a)Jlang J.; Liu, R. C. W.; Mak, T. C. W.; Chan, T. W. D.; Ng, D. K. P.
Polyhedron1997 16, 515. (b) Jiang, J.; Xle J; Ch0| M. T. M Yan, Y.
Sun, S.; Ng, D. K. PJ. Porphyrins Phthalocyanlnewgg 3, 322.

(17) The data of these compounds will be published elsewhere.

(18) Jiang, J.; Liu, W.; Cheng, K.-L.; Poon, K.-W.; Ng, D. K. Eur. J. Inorg.
Chem.2001, 413.

(19) (a) Furuya, F.; Kobayashi, N.; Bian, Y.; JiangChem. Lett2001 944.
(b) Jiang, J.; Blan Y, Furuya F.; Liu, W Choi, M. T. M.; Kobayashi,
N.; Li, H.-W.; Yang Q Mak, T. C. W.; Ng, D. K. FChem. EUr. J2001,

7, 5059 and a corrlgendum appearedzmoz 8, 2214.

(TBPP)] @) in CDCls. On the basis of the integration, the two
broad bands ab 6.10 and 5.15 can be assigned to the N&'s
andy protons, the relatively sharp signal®b.72 to the TBPP’s

p protons, and the four broad bandsja6.88, 6.81, 5.67, and
4.46 to the @H4tBu ring protons. Surprisingly, the spectrum
does not show the signal due to the Na'protons. It is likely
that the compound is slightly paramagnetic, leading to a
broadening of signals, in particular for the N grotons, which

are nearest to the metal center. This is supported by the NMR
data of [Ce(Nc)(OEP)]5). As shown in Figure 2c, the signal

(20) Friebolin, H.Basic One- and Two-Dimensional NMR Spectrosc@ng
ed.; VCH: Weinheim, 1993; pp 287315.

(21) Medforth, C. J. InThe Porphyrin HandbogkKadish, K. M., Smith, K.
M., Guilard, R., Eds.; Academic Press: San Diego, 2000; Vol. 5, pp 65
70 and references therein.

(22) (a) Buchler, J. W.; Eiermann, V.; Hanssum, H.; Heinz, GteRans, H.;
Schwarzkopt, M.Chem. Ber.1994 127 589. (b) Davoras, E. M,
Spyroulias, G. A.; Eikros, E.; Coutsolelos, A. Borg. Chem.1994 33,
3430.
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Table 1. UV—Vis and Near-IR Spectroscopic Data for Double-Deckers 1c and 3—5

compd solvent Amax (NM)
[Ce{ PC(OQszs)g} 2] (1C) CHC|3 357, ca. 500, 650, 686, 1650
[Ce{Pc(OG2Hzs)8} 2] * CHCl3 361, 518, 648, 700, 1650

[Ce{Pc(OGH2z)s} o] -

[Ce(Pc)(TPYP)] 8)

CHCI/EtOH (1:1)
CHCly

358, 647
331, 398, 438, 465, 526, 633, 832

[Ce(Pc)(TPYP)} CHCl3 332, 399, 497, 635, 673, 692, 831
[Ce(Pc)(TPYP)] CHCI/EtOH (1:1) 334, 382, 419, 483, 583, 626, 763
[Ce(Nc)(TBPP)] &) CHCl3 323, 413, 479, 632, 685, 911
[Ce(Nc)(TBPP)T CHCl3 360, 408, 489, 621, 676, 922, 1088
[Ce(Nc)(TBPP)T CHCI/EtOH (1:1) 330, 388, 428, 481, 638, 679, 840
[Ce(Nc)(OEP)] b) CHCl 324,392, 467, 610, 660, 935
[Ce(Nc)(OEP)T CHCl3 322, 384, 452, 618, ca. 1200
[Ce(Nc)(OEP)T CHCI/EtOH (1:1) 330, 406, 478, 601 (sh), 648, 741 (sh), 853

054

1.6 1
_ 0.4+
1.4 5 © 03]
i Q
‘ E
1.2 4 'go.z-
=3
<
[0}
g
=
=}
_8 450 660 360 10‘00
<
Wavelength/nm
0.0 e e ey
400 600 800 1000 1200 1400 1600 1800 2000

Wavelength/nm

Figure 3. Electronic absorption spectra of [{Jec(OG2Hzs)s}2] (1¢) in CHCl; (—) and in the presence of excess iodine (- - -). The inset shows the
spectrum oflcin CHCI; / EtOH (1:1) upon addition of hydrazine hydrate.

due to the Nc'sx protons § 9.40) is also broad, while those of = 1.143 A) is larger than N8 (r = 1.109 A)24 the rather well-
the Nc's 3 and y protons § 8.63-8.66 and 7.867.89) are separated Q-bands ftic suggest that the actual size of the metal
sharp and can be partially resolved. It is worth mentioning that center inlc may be smaller than Ce
these cerium compounds do not require the addition of reducing  The spectrum ofl.c also shows two broad bands at ca. 500
agent such as hydrazine hydrate or NaBéligive satisfactory ~ and 1650 nm, which are characteristic bands for bis(phthalo-
'H NMR spectra as in the cases of [NNc)(TBPP)] (M= La, cyaninato)lanthanide(lll) complexes, arising from a phthalo-
Nd, Sm, Eu)® and [M"(Nc)(OEP)] (M =Y, La, Eu, Lu)*? cyanine radical aniot9 As shown in Figure 3, these two
This again shows the unique character of the cerium center inbands increase in intensity upon oxidation with an excess of
these complexes. iodine, but vanish when hydrazine hydrate is added. The
Electronic Absorption Spectroscopy.The electronic absorp-  spectrum of reduced.c resembles those of [I'gPc)]~ 23
tion data for the new double-deckersand3—5 together with and [Ld"{Pc(OGH17)s} 2] .15 showing a single Q-band at 647
their monocations and anions are given in Table 1. The spectralnm. Compoundlc thus exhibits the spectral features of both
data forla—1c are virtually identical, so they are discussed [CeV(ring?"),] and [Cé'(ring?)(ring'")] [ring = Pc(OG2-
using [Cd Pc(OG2Hzs)g}2] (10) as an example. As shown in H,s)g]. Upon reduction, the compound possesses the charac-
Figure 3, the absorption spectrumilafin CHCl; shows atypical  ter of [Cé'(ring?"),]~. These spectral data suggest that the
phthalocyanine Soret band at 357 nm and two Q-bands at 650cerium center ina—1cadopts an intermediate valence between
and 686 nm. The splitting of Q-band has been observed in the||| and IV. Due to their fairly well-resolvedH NMR spectra,
spectra of [M'(Pcp] 22 and [M"{Pc(OGH17)s}2] *whenthe itis believed that the cerium center is predominantly tetravalent
metal center is sufficiently small to induce a significantz in la—1c with a partial delocalization of electron from a
interaction between the two dianionic ligands. The separation phthalocyaniner orbital to a metal-based orbital. It is worth
of the two bands increases monotonically when the size of the noting that the two characteristicradical bands do not appear
metal center decreases. On the basis of the observation that thén the spectrum of the unsubstituted analogue [Ce[Pe)t is
longer-wavelength Q-band just appears as a shoulder for thelikely that the electron donating alkoxy substituents increase
Nd complexes of the above two series and the fact thélt e

(24) Shannon, R. DActa Crystallogr. Sect. A976 32, 751, the effective ionic

(23) Iwase, A.; Harnoode, C.; Kameda, Y. Alloys Compd1993 192, 280. radii of the octacoordinate metal ions were taken.

12260 J. AM. CHEM. SOC. = VOL. 125, NO. 40, 2003
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10000 - - P e
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400 600 800 1000 Figure 5. Wavenumbers of the two lowest-energy absorption bands of
Wavelength / nm [M"(NCc)(OEP)] (M =Y, La—Lu except Ce and Pm) as a function of the
ionic radius of the metal centétThe black circles and squares are generated

Figure 4. Electronic absorption spectra of [Ce(Pc)(TPyR)] ih CHClz b ; trivalent and tetravalent ceri ter in [Ce(NC)(OEP
(—— and in CHCYEtOH (1:1) in the presence of hydrazine hydrate (Sy).assumlngapure rivalent and tetravalent cerium center in [Ce(Nc)( ]

(---)

shows strong Pc and TPyP Soret bands at 331 and 398 nm,
respectively, and the Q-bands at 526, 633, and 832 nm. The
lowest-energy Q-band is mainly contributed from the Pc Q-band.
ferent from those of the phthalocyanine counterpaeslc. _Compared with the spectra of L'PMPC)(TPyP)]. (M.: Eu Gd)

As reported previously? the spectra for the whole series of n MeO!—L the TPyP Soret band Gf(398 nm) is significantly
[M{Nc(tBu)s}s] (M = La, Ce, Pr, Nd, Eu, Gd, Tb, Y, Er) are blue-shifted by 1314 nm, .whereas the longest-wavelength
very similar, showing the spectral features of'["Ing?-)(ring"~)] Q-band (832 nm) is red-shifted by 288 nm. The spectrum

[ring = Nc(tBu)y]. The positions of ther-radical anion band /SO shows two shoulders at 438 and 465 nm labeled as Q,
(593-648 nm), Q-band (767799 nm), and the longest- which can be attributed to transitions from delocalized orbitals

wavelength near-IR band (1822346 nm) are all dependent NVolving both macrocycle®> The spectrum of3 is very
linearly with the M" ionic radii, including the data for the  different from those of [M (Pc)(Pon)J?627 Particularly, the

cerium compoun@ (see Figure S1 in the Supporting Informa- characteristic near-IR absorption duettoadical anion was not

tion). This strongly suggests that the cerium cente®, ifike detected. These data together with the well-resoldMR

the other rare earth ions in this series, adopts a trivalent state SPectrum strongly suggest that the cerium center3irs

By a similar argument, the lower oxidation potential of Nc- Predominantly tetravalent.

(tBu)s (compared with the phthalocyanine analogues) facilitates  The spectrum 08, after being treated with hydrazine hydrate

the delocalization of electron from the ligands to the metal (Figure 4), is very similar to that of [NBJ[Ce" (P& )(TPP)],®

center, resulting in the formation of a trivalent cerium center suggesting that the first reduction is metal-based. This is

and asr-radical anion. corroborated with the observation that both the Pc and TPyP
Upon addition of NaBH to solutions of the above series, Soret bands, in particular the latter, are red-shifted upon

the absorption spectra are remarkably changed and the resultingeduction. This can be attributed to a lengthening of the ring-

spectra can be attributed to the monoanion¥ (Vhg*");] ~ [ring to-ring separation as a result of an increase in the metal size

= Nc(tBu)q], in which a trivalent metal center is sandwiched (from CeV to Cd').250

by two d"';“;'son'c ligandd? Similarly to the phthalocyanine The spectral features of the Nc analogdemd5 are similar

analogues?>#*the spectra display one to two Q-bands depending to those of3, except that the Q-bands are significantly red-

on the size qfhth(;e metallcentﬁr. Tth eXt%r,'t of ?-tr)]zln(;msplitting shifted due to the extended conjugation. In contrast to the other
Increases wit ecreasmg.t € 1onic radius o t ns, rare earth(lll) counterparf$;1®near-IR absorptions over 1000
reflecting the extent ofr—s interaction of the two naphthalo- nm were not observed fat and5, showing that both of the
cyanine rings. Agaln, th? cerium comp_lex amon_{[ﬂe(tBu)‘;}z]* . ligands are essentially dianionic. The spectra, in fact, are similar
strictly follows this relationship (see Figure S2 in the Supporting L .

: ) . : to those of the anionic complexes [NINc)(OEP)] (M =Y,
Information), suggesting that the cerium center still assumes a2 Lu except Ce and Pmij. It has been found that there is a
trl\fra;:(;n;s;ztre tlirc])r:h: 22;?3:5 g?r[ngeh(eé'c)(TP P3) (Figure 4) linear relationship between the positions of the two lowest-

P b Sb.8F T A IV y g _ energy Q-bands and the size of the metal center for this series
resembles thozsse of [e/.épﬁl)(TPP)]’ = M (Pe)(Por)] (zl\él._ of complex anions. The data points generated by assuming a
zr, Hf, Th, U), and LM (Pe)(TPyP)] (M= Eu, Gd) in pure trivalent £ = 1.143 A) and tetravalentr (= 0.970 A)
which both of the rings are regarded as dianionic. The spectrum®™" ) ) . By .
cerium center irb are clearly deviated from the straight lines

(25) (a) Kadish, K. M.; Moninot, G.; Hu, Y.; Dubois, D.; Ibnifassi, A.; Barbe, ~ (Figure 5). This again shows the unique nature of the cerium
J.-M.; Guilard, R.J. Am. Chem. Sod 993 115 8153. (b) Guilard, R.;
Barbe, J.-M.; Ibnlfassi, A.; Zrineh, A.; Adamian, V. A.; Kadish, K. M,
Inorg. Chem 1995 34, 1472. (27) Chabach, D.; Tahiri, M.; De Cian, A.; Fischer, J.; Weiss, R.; El Malouli

(26) Jiang, J.; Mak, T. C. W.; Ng, D. K. hem. Ber1996 129 933. Bibout, M. J. Am. Chem. Sod 995 117, 8548.

the electron density of the rings, facilitating the delocalization
thereby enhancing the trivalent character of the cerium center.
The absorption spectrum of [Q&c(tBu)s} 2] (2) is very dif-
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Figure 6. Electronic absorption spectra of [Ce(Nc)(OER] in CHCl; (—) and in the presence of excess iodine (- - -). The inset shows the spectrum of
5in CHCI3/EtOH (1:1) upon addition of hydrazine hydrate.
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center, which may adopt an intermediate valence between Ill 2 gave a strong IR band at 1313 chwhich can be assigned

and IV, lying closer to the tetravalent state. The results are in to Nc({Bu)s~, confirming a trivalent cerium centé#2°

line with the XANES studies reported below. The mixed ring complexes [M(Pc)(Por)] (Por= TPP and
Upon addition of hydrazine hydrate to a solution%fthe its derivatives) usually show a strong IR band at 131820

two Q-bands are shifted to the blue (Figure 6). Fitting the cm~1 assignable to the Pcradical anion because of the lower

positions of these bands to the two straight lines in Figure 5 ©Xidation potential of Pc compared with that of P&re° The

gives an ionic radius of ca. 1.14 A, which is very close to the 'R spectrum of [Ce(Pc)(TPyP)BJ, however, showed a strong

size of a CH center. The results thus suggest that the reduction 22nd at _13329 cm, indicating that P& rather than Pc is

occurs preferentially at the metal center leading to the formula presen} In 3 a_||1d| theh C(IeFr;um cente; 'rsl thert;fc;lrel mainly

(Ce (NG (OEP )T i conoborated by e reshited  S/20rL. Simlar, he R spects of e napftraocyanine

N d OEP Soret bands in [Ce(Nc)(OER)vhich indicat .
can Soret bands in [Ce(NC)(OER)which indicate o) % 5y o i TBPP- (ca. 1280 cm?) or OEP- (ca. 1530

an increase in ring-to-ring separation when the cerium center "~/ .

. . cm™1). These spectral features are very different from those of
changes from tetravalent to trivalefq®.Similar spectral changes : -
were observed upon reduction &{(Table 1) the other rare earth(lll) congeners, for which a strong"Nc

o N ] ) ' marker band at 13391325 cnt! (for the [M"'(Nc)(TBPP)]
Oxidation of5 with iodine slightly shifts the Soret bands and  geriesi8 or both the N&~ and OEP- marker bands at 1315

the Q-bands to the_ blue (Figure 6). The Iongest-wavelength 1325 and 15101531 cntl, respectively (for the [M(Nc)-
Q-band at 935 nm disappears and a broad near-IR band centeringoEp)] seriedf? were observed. All of these results supported

at ca. 1200 nm emerges, indicating the presencesefadical the tetravalent state of the cerium center in these complexes.
anion. The spectrum is similar to those of [NNc)(OEP)] (M Raman Spectroscopy.n addition to the IR spectroscopy,

= Ho—Lu), which also show one rather than two near-IR  Raman spectroscopy is another valuable tool for analyzing the
absorptions as the lighter lanthanide analogues{Ma—Dy extent of hole (de)localization in these sandwich-like complexes.
except Ce and Pm) d8° These observations suggest that the By analyzing the Raman spectra of a vast number of phthalo-
metal center in [Ce(Nc)(OEP)Jis smaller than C&, and it is cyanine-containing sandwich complexes, it has been found that,

likely that the electron is removed from a ligand-based orbital upon excitation at 632.8 or 647.1 nm, the Raman band at ca.
and the metal center retains its predominant tetravalent state1500 cm! is a characteristic band for the phthalocyanine
A new near-IR band was also observed at 1088 nm upon dianions®! This vibrational band, which can be attributed to
oxidation of4 with iodine. the coupled &C and G=N stretches, shifts slightly to the higher
IR Spectroscopy.The IR spectra ola—1cshowed a strong ~ €nergy side at ca. 1531520 cnt* when one electron is
band at ca. 1380 cm, which is a marker band for alkoxy removed from the macrocyclic rings formingradical anions.
substituted phthalocyanine dianiighe intense characteristic "€ Raman spectra of [CBc(OGH17)s}2] (1b) and [Ce(Pc)-
phthalocyaniner-radical anion band at 1330320 cmriwas  (TPYP)] @), upon excitation at 632.8 nm, showed an intense
not observed. These results provided further evidence for thePand at 1500 and 1493 crh respectively, confirming the
predominant [C¥(ring?");] [ring = Pc(OGHans1)s] character presence of phthalocyanine dianions in these complexes.

in these complexes. In contrast, the naphthalocyanine analogu&29) Sun, X.; Bao, M.; Pan, N.; Cui, X.; Arnold, D. P.; JiangAlist. J. Chem.

2002 55, 587.
(30) Jiang, J.; Choi, M. T. M.; Law, W.-F.; Chen, J.; Ng, D. K.Flyhedron
(28) (a) Jiang, J.; Arnold, D. P.; Yu, HPolyhedron1999 18, 2129. (b) Lu, F.; 1998 17, 3903.
Bao, M.; Ma, C.; Zhang, X.; Arnold, D. P.; Jiang, Spectrochim. Acta A (31) (a) Jiang, J.; Rintoul, L.; Arnold, D. ARolyhedron200Q 19, 1381. (b)
2003 in press. (c) Bao, M.; Pan, P.; Ma, C.; Arnold, D. P.; Jiang, J. Jiang, J.; Cornelissen, U.; Arnold, D. P.; Sun, X.; HomborgPblyhedron
Vibrational Spectrosc2003 32, 175. 2001, 20, 557.
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Figure 7. XANES spectra of selected cerium double-deckers and refer-
ences.

Table 2. XANES Data for the Cerium Double-Deckers 1a, 2, 3,
and 5 and the References

compd relative energy (eV)
[Ce(NGs)3-6H20] 2.27
[Ce{Nc(tBu)a} 2] (2) 2.42 11.76
[CeO) 6.52 13.43
[Ce{Pc(OGH11)s} 2] (18) 6.18 13.06
[Ce(Pc)(TPYP)]8) 5.46 12.52
[Ce(Nc)(OEP)] b) 5.38 12.68

The Raman data of [Ce(Nc)(TBPP})(and [Ce(Nc)(OEP)]
(5) are significantly different from those of their other rare earth-
(1) counterparts, both under excitation at 632.8 and 785Am.
The spectral properties of [CRc(tBu)4} 2] (2), however, closely
resemble those of the other trivalent rare earth analoguis.

can be attributed to the 2p4f15d dipole-allowed transitioff:

The peak is slightly broader than that of [Ce(}$6H,0],
having a tail labeled as' fat 11.76 eV extending to the higher
energy side. Because a related peak, labeled as b, was also
observed in the spectrum of [CglOwhich can be attributed to
the 2p—4f95d transition in tetravalent cerium configuration, the
appearance of 'bin the spectrum of2 may indicate the
component of tetravalent cerium in this compound. On the basis
of the relative intensity of peaks and B, it is clear that
compound? is largely trivalent which is in accord with all the
spectroscopic data reported in previous sections.

The XANES spectra of [d°c(OGH11)s} 2] (18), [Ce(Pc)-
(TPyP)] 3), and [Ce(Nc)(OEP)]) are characterized by two
strong resonance absorption peaks labeled asd ¢, which
have counterparts in the spectrum of [Ge@igure 7). There
has been some controversy about the valent state of cerium in
[CeOy]. Now it is generally believed that cerium adopts an
intermediate valence in the ground state due to the strong
hybridization of the intrinsic tetravalent cerium 4f orbitals with
the oxygen 2p orbital®® In the XANES spectrum, the peak b
is due to the 2p~4f95d transition, whereas the peak ¢ can be
attributed to the transition from a cerium 2p orbital to the
hybridization state consisting of cerium 4f orbitals and oxygen
2p orbitals. The relative intensity of these two signals reflects
the weight of hybridization between the cerium center and the
ligand. Accordingly, the peaks land ¢ of the double-deckers
can be assigned in a similar manner. The péalan therefore
be ascribed to the transition from a cerium 2p orbital to the
hybrid orbitals constructed from cerium 4f orbitals and the
nitrogen-based orbitals. A close examination of the spectra
reveals some differences between [Glefdd the double-deckers
1a, 3, and5. First, the two signals for the double-deckers appear
at the lower-energy side compared with those of [gléDable
2) as a result of different ligated atoms. Second, the pé&k b
more intense than peak for the double-deckers, in particular
compounds3 and 5, which have almost the same XANES
profile. A reverse is seen in the spectrum of [Gg@hdicating
the more profound hybridization and higher trivalent character
in this compound.

To quantify the valence of these double-deckers, we sub-
tracted a simple arctangent function from thg-edge XANES

linear relationship has been found for some of the Raman bandsprofile to simulate the atomic absorption jump, i.e.z20

of this series of complexes with the ionic radius of the metal
center. The data for compour2d by assuming a pure trivalent
state, fit reasonably well into these relationships.

XANES Spectroscopy.To reveal the valence of the cerium

center in these complexes in a more quantitative manner, their

XANES spectra were recorded. The spectrdaf2, 3, 5, and
the two references [Ce(NJ-6H,0] and [CeQ] are shown in

Figure 7 and the corresponding data are summarized in Table

2. It can be seen that the spectrum of {8e(tBu)s}2] (2)
resembles that of the cerium(lll) reference [Ce@¥BH,0],
but is remarkably different from those of the other double-

continuum transition, and then fitted the residue with three
Lorentzian functions to model the two valent states and a pre-
edge peak (see Figure S3 in the Supporting Information). The
values were found to be 3.59 for [(fec(OGH11)s} 2] (18) and
3.68 for [Ce(Pc)(TPyP)]3) and [Ce(Nc)(OEP)]%), which are
slightly higher than that of [Cef) (<3.50) reported earliet
These results indicated the higher tetravalent charact&and

5, which again is consistent with the other spectroscopic and
electrochemical (as reported below) data.

Electrochemical Properties.The electrochemical properties

of all the cerium double-deckers were investigated by cyclic

deckers. It displays a single and intense edge resonance at 2.42

eV, labeled as’'awhich is a typical feature observed in the
Lii-edge XANES spectra of trivalent cerium compounds and

(32) (a) Bian, Y.; Rintoul, L.; Arnold, D. P.; Wang, R.; Jiang,\dbrational
Spectrosc2003 31,173. (b) Sun, X.; Rintoul, L.; Bian, Y.; Arnold, D. P.;
Wang, R.; Jiang, JJ. Raman Spectros2003 34, 306.

(33) Pan, N.; Rintoul, L.; Arnold, D. P.; Jiang, Bolyhedron2002 21, 1905.

(34) Zhang, J.; Wu, Z.; Liu, T.; Hu, T.; Wu, Z.; Ju, 4. Synchrotron Radiation
2001, 8, 531.

(35) (a) Fujimori, A.Phys. Re. B 1983 28, 4489. (b) Kotani, A.; Ogasawara,
H. J. Elect. Spectrosc. Related Phendr92 60, 257. (c) Soldatov, A.
V.; lvanchenko, T. S.; Dellalonga, S.; Kotani, A.; lwamoto, Y.; Bianconi,
A. Phys. Re. B 1994 50, 5074. (d) Antonio, M. R.; Soderholm, Lnorg.
Chem.1994 33, 5988.

(36) Bianconi, A.; Marcelli, A.; Dexpert, H.; Karnatak, R.; Kotani, A.; Jo, T.;
Petiau, JPhys. Re. B 1987, 35, 806.
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Table 3. Electrochemical Data for the Cerium Double-Deckers 1—52

compd Ey (0xd.4) Ey (0xd.3) Ey (0xd.2) Ey (0xd.1) Ey (red.1) Ey (red.2) Eip (red.3) Eip (red.4)
[Ce{Pc(OGH11)s}2] (18) +1.55 +0.74 +0.30 -0.18 -1.32 —1.69
[Ce{Pc(OGH17)s} 2] (1b) +0.74 +0.29 -0.21 —1.34 —1.68
[Ce{Pc(OGH25)8} 2] (10 +1.57 +0.77 +0.31 —-0.20 -1.39 —1.63
[Ce{Nc(tBu)s} 2] (2) +1.54 +1.36 +0.69 +0.17 -0.11 —1.20 —1.52 —1.88
[Ce(Pc)(TPyP)] 8) +1.72 +1.26 +0.73 +0.10 —1.24 —1.5@ —1.89
[Ce(Nc)(TBPP)] 4) +1.69 +1.46 +0.84 +0.30 —-0.07 —1.38 —1.80° —-1.99
[Ce(Nc)(OEP)] b) +1.8% +1.55 +0.71 +0.20 -0.19 —1.45 —1.89

aRecorded with [NBu|[CIO4] as electrolyte in CEHCI, (0.1 mol dn13) at ambient temperature. Potentials were obtained by cyclic voltammetry with a
scan rate of 20 mV unless otherwise stated, and are expressed as half-wave potdatidlm(volts relative to SCEP By differential pulse voltammetry
with a scan rate of 10 mVv-3.

voltammetry (CV) and differential pulse voltammetry (DPV) 404

in CH,Cl,. The data are summarized in Table 3. All the cerium
double-deckers exhibited a number of quasi-reversible or
reversible one-electron redox procesgexcept the second 20
oxidation process for [GdNc(tBu)s} 2] (2) as reported belopv
depending on the nature of the tetrapyrrole rings. <
The CV and DPV voltammograms of [CRc(OGH17)s} 7] <
(1b) were different from those recorded previou&lyrobably £
due to the higher concentration (by about two times at ca. 0.13 _j¢
mol dn13), two additional one-electron reduction processes were
clearly revealed this time. With reference to the data of its  -20
analogues [M{Pc(OGH17)s}2] (M =Y, La—Lu except Ce and

30

Pm), the second and third reduction coupleslbfat —1.34 -304

and —1.68 V can be attributed to a successive addition of T v T v T y Y v T
electrons to the ligand-based orbitals that are represented by -2.00 -1.00 0.00 1.00 2.00
the following redox states: [G&c(OGH17)s}2] /[Ce{Pc- Potential /' V vs SCE

(OCsH17)g} 22~ and [Cé Pc(OGH17)s} ]2 /[Ce{ Pc(OGH17)g} 2], Figure 8. Differential pulse voltammogram of [Ce(Nc)(OEPJ) (in CHy-
respectively. In these redox states, the cerium center is believed"" containing 0.1 mol dm? [NBuJ[CIO] at a scan rate of 10 mv's.
to be trivalent because both these potentials follow the linear 200

dependence of the second and third reduction potentials of the

series [M'{Pc(OGH17)g}2] on the size of the metal centér. 1504 o _ oxd3 .
The first reduction wave at0.21 V is metal-centered and can i

be ascribed to [C§Pc(OGH17)s™} J/[Ce"{ Pc(OGH17)s2 } 2]~ 1.00 ]
couple, where the value o€ lies between Il and IV, and is @ v

the formal charge of the ring to maintain the overall charge of § 0.50- oxd1

the complex. The first and second oxidation processe$a29 4 0 o
and+0.74 V for 1b involve a successive removal of electrons > 0.0+ W
from the ligand-based HOMO and can be attributed to*{Ce = ¢
{Pc(OGH17)s}2)/[CeX{Pc(OGH17)g} 2] and [C&{Pc(OG- g 0501

Hi7)g} 2] T[CeX{ Pc(OGH17)s} 2]?" couples, respectively, in which E 0

the ligands also contain a fractional formal charge to maintain
the overall charge of the complex. It is likely that the cerium A red2 , —2
ion in these redox states is not trivalent and may have the same
formal charge as in the neutral compl&x because both these
potentials deviate significantly from the linear relationship
established between the potentials of corresponding redox
processes (i.e., the first reduction and first oxidation) of'fm Tonic Radius/ pm

{Pc(OGH17)g} 2] and the rare earth ionic radil. Compounds Figure 9. Redox potentials of [M(NC)(OEP)] (M= Y, La—Lu except Ce
laandilcbehaved similarly except that one additional oxidation 3“? Pm) ats a f”nCtiont ‘t’:] the ionic radgfs of thte ":.etla' Cﬁgéhe d.arke”edl
couple at+1.55 (forla) or +1.57 V (for 1c) was revealed for 5.a & points represent fhe corresponding potentials of fhe cerum analogue
these compounds.

~As shown in Figure 8, [Ce(Nc)(OEP)pY exhibits seven  (OEP)P-, respectively. The second reduction potential follows
distinct single-electron redox processes. The second and thirdine trend observed for the series'|NNc)(OEP)] (M= Ce and
reduction couples at-1.45 and—1.88 V are ligand-based Pm) (Figure 9)% suggesting that the cerium center in these

processes relating to the following redox states: [Ce(NC)- gates js also trivalent. The anomalous first reduction wave at
(OEP)[/[Ce(Nc)(OEP)}™ and  [Ce(Nc)(OEPF/[Ce(Nc)- —0.19 V is thus metal-based and can be ascribed tS([€5-

| - _ — .
(37) zhu, P,; Lu, F.; Pan, N.; Arnold, D. P.; Zhang, S.; Jiang, J., manuscript in (OEP)]/[Cél (NCZ )(OEFQ )] COUple’ where X lies between il
preparation. and IV. The four oxidation processes-80.20,+0.71,+1.55,

-2.00 T T T T T T T T T T
98 100 102 14 106 108 110 112 114 11
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and+1.83 V for 5 involve a successive removal of electrons
from the ligand-based orbitals: [Q@&lc)(OEP)]/[C&(Nc)-
(OEP)]', [CE{NC)(OEP)I/[Ce{NCc)(OEP)F, [Ce{(NC)(OEP)}/
[CeX(NC)(OEP)F", and [C&(Nc)(OEP)FH/[CeX(Nc)(OEP)T,
respectively. As shown in Figure 9, the first three oxidation
potentials o deviate significantly from the linear relationships
found for the other [M'(Nc)(OEP)]*%0 It is clear that the cerium

ion in these redox states is not trivalent and may have the same
formal charge as in neutral [Ce(Nc)(OEP)]. The electrochemical
behavior of3 and 4 was similar to that of5 and could be
interpreted in a similar manner. The redox potentials3pf
however, appeared at more positive positions as a result of the
less delocalized Pc ligand.

The electrochemical behavior of [(€c(tBu).} 2] (2) was re- (b)
investigated? It is remarkably different from that of the other
cerium double-deckers and3—5 due to the different valence
of the metal center. Four quasi-reversible one-electron oxidations
(two more than previously recorded results) and four quasi-re-
versible one-electron reductions (one more than previously re-
corded results) were observed under the present improved con-
ditions. The second, third, and fourth reduction couplesigo,
—1.52, and—1.88 V can be attributed to a successive addition
of electrons to the ligand-based orbitals: {Cle(tBu)a}2] ~/
[Ce{Nc(tBu)a} 2], [Ce{Nc(tBu)a}2]* /[Ce{Nc(tBu)a} 2]*~, and
[Ce{Nc(tBu)s} 2]3/[Ce{ Nc(tBu)s} 2],*~ respectively. The cerium
ion in these redox states is trivalent, again because both the .

. . . Figure 10. (a) Molecular structure of [Ce(Pc)(TPyP})(showing the 30%
second and third reduction potentials follow the trend observed probability thermal ellipsoids for all non-hydrogen atoms. (b) The square
for [M'""{Nc(tBu)s}2] (M = La, Pr, Nd, Eu, Gd, Th, Y, EA? anti-prismatic coordination environment around the cerium center.
Unlike 1 and 3—5, the first reduction and the first oxidation
waves at—0.11 and+0.17 V are also ring-centered involving  present as impurities in the solvents we u¥deigure 10a shows

a pure trivalent cerium state: [®€Nc(tBu)s}o)/[Ce"{Nc- a perspective view of the structure 8fin which the cerium
(tBu)s27}2]- and [Cé'{Nc(tBu)s}ol/[Ce"{Nc(tBu)s},] ™, re- center is octa-coordinated by the isoindole and pyrrole nitrogen
spectively, as these redox potentials also fit perfectly into the atoms of the Pc and TPyP rings, respectively, forming a nearly
linear relationships observed for the other'[ENc(tBu)a} 2. perfect square antiprism as shown in Figure 10b. The two N
The second oxidation process-80.69 V also seems to be a mean planes are virtually parallel (dihedral anglé®.2”) with
ring-based oxidation. However, it is likely that the'G@€€&Y a plane-to-plane separation of 2.794 A. The cerium center lies

couple is also embedded at this position (¢8.69 V) based  closer to the TPyP Nplane (1.340 vs 1.454 A), probably due
on its larger peak to peak separation as shown in its cyclic to the larger cavity size of TPy¥ Like the structures of many
voltammogram and the slightly split peaks in its differential double-decker complexé%;d the two ligands are not planar
pulse voltammogram. Further evidence was obtained by chro- and display a saucer shape. Table 4 lists some of the structural
noamperometric and chronocoulometric studies as described inparameters 08, which are comparable with those of [Ce(Pc)-
the Supporting Information. This implies that the trivalent (TMPP)]7:8b

cerium ion and the substituted naphthalocyanine ligand are The cerium center of compoun8 also adopts a square
fortuitously oxidized at very close potentials, similar to what antiprimatic geometry and the overall structure (Figure 11)
was observed for mixed (phthalocyaninato)(porphyrinato)- resembles those of the other lanthanide analoguée$(Iid)-
cerium(lll) triple-deckers [C&,(Pc)(TPP)] and [Cé'y(Pc)- (OEP)] (M=, La, Pr—Lu except Pm401t has been found
(TPP)]8" The third and fourth oxidations at1.36 and+1.54 that for this series of complexes, the interplanar separation and
V are also ligand-based processes involving the redox statesthe average MN distances decrease consistently with the size
[Ce{ Nc(tBu)s} ]2 /[Ce{ Nc(tBu)s} 2] > and [C&{ Nc(tBu)s} 53/ of the metal center. The structural datebdfTable 4), however,

[CeX{Nc(tBu)4} 2]*T, respectively, in which the value of lies do not follow this trend. As shown in Figures 4 and 5 in ref 40,
between 1l and IV by analogy to the results fbrand 3—5 the best-fit straight lines are flanked by two hypothetical points
described above. generated by taking the ionic radii of cerium(lll) and cerium-

Structural Studies. The molecular structures of [Ce(Pc)- (IV) ions. This also demonstrates the intermediate valence
(TPyP)] B) and [Ce(Nc)(OEP)]%) were determined by X-ray ~ adopted by cerium in this complex.
diffraction analyses. The single crystals were grown by slow

diffusion of MeOH (for3) or hexane (fo5) into their CHCh (38) The presence of ca. 1% cyclohexane in the hexane we used was confirmed
. . . by gas chromatography.

solutions and it was found that both structures contained solvated(3g) Boucher, L. InCoordination Chemistry of Macrocyclic Compounhitelson,
H ; H G. A, Ed.; Plenum: New York, 1979; pp 46466.

species (CHG| MeOH, and water ir8 and cyclohexane if). (40) Bian, Y.; Wang, D.; Wang, R.; Weng, L; Dou, J.; Zhao, D.; Ng, D. K. P.;

It is likely that the unexpected water and cyclohexane were Jiang, JNew J. Chem2003 27, 844.
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Table 4. Structural Data for [Ce(Pc)(TPyP)] (3) and [Ce(Nc)(OEP)] (5)

3 5

average CeN(Pc/Nc) bond distance (A) 2.457 2.473
average CeN(TPyP/OEP) bond distance (A) 2.462 2.442
Ce—Ny(Pc/Nc) plane distance (A) 1.454 1.479
Ce—Ny(TPyP/OEP) plane distance (A) 1.340 1.291
interplanar distance (A) 2.794 2.770
dihedral angle between the twa Nlanes {) 0.2 0.4
average dihedral angiefor the Pc/Nc ring ()2 15.1 135
average dihedral angtefor the TPyP/OEP ring°j2 12.3 15.0
average twist angle)P 41.1 45.0
average dihedral angie between the pyridyl rings and the TPyR plane () 75.0

aThe average dihedral angle of the individual isoindole or pyrrole rings with respect to the correspondiegiNplane® Defined as the rotation angle
of one ring away from the eclipsed conformation of the two rings.

were performed on a BAS 100B/W electrochemical analyzer using a
platinum disk working electrode with a diameter of 2 mm.

Preparation of [Ce{Pc(OCizHzs)s} 7] (1¢). A mixture of [Ce(acag]-
nH-0 (22 mg, 0.05 mmol), 4,5-bis(dodecyloxy)phthalonitrile (0.30 g,
0.60 mmol), and DBU (40 mg, 0.26 mmol) mpentanol (2 mL) was
refluxed under a slow stream of nitrogen for 12 h. The mixture was
cooled briefly, and the volatiles were removed under reduced pressure.
The residue was chromatographed on a silica gel column using{HCI
as eluent. A green band of the target double-decker was developed
followed by a fraction of the metal-free phthalocyanine{Pc-
(OCi2Hzs)s}. The crude product was further purified by repeated
chromatography followed by reprecipitation from a mixture of CHCI
and MeOH. Yield 45 mg (22%)}H NMR (300 MHz, CDC}): 6 8.47
(s, 16 H, Pc-H), 4.78-4.85 (m, 16 H, OCH), 4.45-4.50 (m, 16 H,
OCHy), 2.12-2.27 (m, 32 H, CH), 1.75-1.82 (m, 32 H, CH), 1.26-
1.50 (m, 256 H, Ch), 0.89 (t,J = 6.6 Hz, 48 H, CH); MS (MALDI-
TOF): an isotopic cluster peakingmatz 4114 (M"); elemental analysis
calcd (%) for GeiHaz0CeCEN1gO19 (1C‘2CHC[§'3MGOH): C 70.46, H
9.74, N 5.04; found: C 70.52, H 10.45, N 4.50.

Preparation of [Ce(Pc)(TPyP)] (3).A mixture of Li-Pc (125 mg,
Figure 11. Molecular structure of [Ce(Nc)(OEP)b) showing the 30% 0.24 mmol) and [Ce(acag)nH,O (100 mg, 0.23 mmol) in TCB (8

probability thermal ellipsoids for all non-hydrogen atoms. mL) was heated at 126C for 4 h under a slow stream of nitrogen.
) The resulting blue solution was cooled briefly, thes(HPyP) (62 mg,
Conclusion 0.10 mmol) was added, and the mixture was refluxed for a further 12

. . . . h. The solvent was then removed in vacuo, and the residue was
. Among the Wh°|e_ rare egrth S(_anes, cerlgm is unique due to chromatographed on a silica gel column using CH&Gleluent. A small
its special electronic configuration. In this study, we have ;mount of the blue [Ce(Pd)and the green triple-decker [@C)-
employed a range of spectroscopic, electrochemical, and(Tpyp)] (6 mg, 3%) were first obtained. The column was then further
structural methods to elucidate the valence of the cerium centereluted with 3% MeOH in CHGlto give green fractions of the double-
in a series of tetrapyrrole double-decker complexes. Dependingdecker [Ce(Pc)(TPyP)J3] (88 mg, 69%) and the triple-decker [Ee
on the electronic nature of the ligands, the cerium center  (Pc)(TPyP)] (18 mg, 18%). The major produgtwas further purified
adopts an intermediate valence, ranging from predominantly by the same chromatographic procedure followed by recrystallization
trivalent (for 2) to predominantly tetravalent (f&8—5). The from a mixture of CHCJ and MeOH.*H NMR (300 MHz, CDC}): 6

results have been supported by XANES studies. 9.20 (dd,J = 3.0, 5.7 Hz, 8 H, Pc-), 8.98 (br. s, 4 H, €H4N), 8.50
(br. s, 4 H, GHiN), 8.32 (s, 8 H, TPyPHj), 8.26 (dd,J = 3.0, 5.7

Hz, 8 H, Pc-H), 7.13 (br. s, 4 H, €HsN), 6.40 (br. s, 4 H, ¢HsN);
MS (MALDI-TOF): an isotopic cluster peaking atvz 1270 (M);

The details of purification of solvents, preparation of precursors, elemental analysis calcd (%) for£gH41sCeCl sN1e (3-1.5CHCE): C
and spectroscopic measurements have been reported elséthfe. 60.95, H 2.89, N 15.47; found: C 60.88, H 2.56, N 15.24.
The double-deckersa,** 1b,'®> and 2'3 were prepared as described. Preparation of [Ce(Nc)(TBPP)] (4) and [Ce(Nc)(OEP)] (5).A

CV and DPV measurements were carried out with a BAS CV-50W mixture of [Ce(acag)-nH.O (44 mg, 0.10 mmol), K{Por) (Por=
voltammetric analyzer. The cell comprised inlets for a glassy carbon TBPP, OEP) (0.05 mmol), naphthalonitrile (72 mg, 0.40 mmol), and
disk working electrode and a silver-wire counter electrode. The DBU (50 mg, 0.33 mmol) im-octanol (4 mL) was refluxed overnight
reference electrode was Ag/Agonnected to the solution by a Luggin ~ (>18 h) under nitrogen to give a dark-green solution. The volatiles
capillary whose tip was placed close to the working electrode. Results were removed under reduced pressure and the residue was chromato-
were corrected for junction potentials by being referenced internally graphed on a silica gel column with GEl./hexane (1:14/v) as eluent
to the ferrocenium/ferrocene (FE&e) couple Eix(Fef/Fe) = +0.50 to remove the unreacted metal-free porphyrin. The column was further
V vs SCE]. Typically, a 0.1 mol dn# solution of [NBw][CIO4] in eluted successively with Gi&l,, CHCL, and MeOH in CHJ (3%)
CH.ClI; containing 0.5 mmol dr? of sample was purged with nitrogen  to give a blue band containing the desired double-decker. The crude
for 10 min, then the voltammograms were recorded at ambient product was further purified by the same chromatographic procedure
temperature. The chronoamperometric and chronocoulometric studiesfollowed by recrystallization from a mixture of CHCand MeOH to

Experimental Section
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Table 5. Crystallographic Data for [Ce(Pc)(TPyP)] (3) and

[Ce(Nc)(OEP)] (5)

diffractometer with an Me-Ko sealed tubeA(= 0.710 73 A) at 293
K, and by using a» scan mode with an increment of 0.Preliminary

3eCHCl360.5MeOHs0.5H,0 500.5CcH1, unit cell parameters were obtained from 45 frames. Final unit cell
formula Gra.HaCeCEN160 CoHraCeNpo parameters were derived by global refinements of reflections obtained
M, 1413.7 1427.7 from integration of all the frame data. The collected frames were

crystal size [mrf]
crystal system

0.30x 0.18x 0.18
triclinic

0.32x 0.30x 0.08
orthorhombic

integrated by using the preliminary cell-orientation matrix. SMART
software was used for collecting frames of data, indexing reflections,

space group P1- Pnam and determination of lattice constants; SAINT-PLUS for integration
z&} gggi g; igggg 8 of intensity of reflections and scalirf§; SADABS for absorption
cIAl 18.305 4) 26.642 ©) correction?® and SHELXL for space group and structure determination,
o] 95.64 (3) 90 refinements, graphics, and structure reporffhg.

Bl 105.44 (3) 90 X-ray Absorption Near-Edge Structure (XANES) Measurements.

v [ 98.36 (3) 90 XANES spectra were collected on beamline 4W1B at the Beijing
\Z/[A3] 3113'8 11 48426 ®) Synchrotron Radiation Facilities (BSRF) in the Institute of High Energy
F(000) 1428 2952 Physics, Chinese Academy of Sciences. The intensity of X-ray was
Pcaicd[Mg m~3] 1.508 1.125 adjusted to decrease by 40% to eliminate harmonic. The X-ray white
u [mm~1] 0.922 0.588 light from 2.2-GeV electron storage ring was monochromatized by an
6 range ] 1.74t0 25.53 1.60 to 24.00 Si(111) double crystal monochromator, which yields a resolution of
reflections collected 9842 40613

independent reflections

980R{; = 0.0000)

6780Rn = 0.1634)

approximately 1.5 eV at 6 keV. The storage ring current was between
60 and 100 mA during the measurements. Calibration of the energy

arameter 866 445 .
‘szl > 20(?)] 0.0577 0.0740 was made using [Cefas standard. XANES spectra were collected at
WR2 [I > 20(1)] 0.1724 0.2022 the cerium Ly-edge and all the measurements were in transmission
goodness of fit 1.214 1.063 mode. After removing the pre-edge background, the XANES data were

give dark blue microcrystalgk: Yield 14 mg (17%);*H NMR (300
MHz, CDCL): 0 6.88 (br. s, 4 H, GH.tBu), 6.81 (br. s, 4 H, ¢H4tBu),

6.10 (br. s, 8 H, Nc-k), 5.72 (br. s, 8 H, TBPPH;), 5.67 (br. s, 4 H,
CsH4tBu), 5.15 (br. s, 8 H, Nc-F), 4.46 (br. s, 4 H, €H4tBu), 1.10 (s,

27 H, tBu); MS (MALDI-TOF): an isotopic cluster peaking at/'z

1690 (M"); elemental analysis calcd (%) forngHs«CeNiz: C 76.75,

H 5.01, N 9.95; found: C 76.69, H 5.48, N 8.6%. Yield 15 mg
(22%); *H NMR (300 MHz, CDCH): ¢ 9.40 (br. s, 8 H, Nc-k), 8.98

(s, 4 H,meseH), 8.63-8.66 (m, 8 H, Nc-H), 7.86-7.89 (m, 8 H,

Nc-H,), 1.72 (t,J = 7.5 Hz, 24 H, CH); MS (MALDI-TOF): an

normalized to a unit edge jump for comparison. The cerium complexes
[Ce(NGs)3-6H.Q] and [CeQ] were used as references.
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isotopic cluster peaking atVz 1385 (M"); elemental analysis calcd
(%) for CegH7sCeCEN1, (5:0.5GH;»CHCL): C 68.32, H 4.89, N 10.86;
found: C 68.70, H 5.45, N 10.68.

X-ray Crystallographic Analyses of [Ce(Pc)(TPyP)] (3) and [Ce-
(Nc)(OEP)] (5).Crystal data and data processing parameters are given ) )
in Table 5. Data collection fo8 was performed at 294 K on a Msc/  thew-radical anion band, Q-band, and the longest-wavelength
Rigaku RAXIS lic imaging-plate system using Méa. radiation ¢ near-IR band of [MINc(tBu)s} 2] as a function of the ionic radius
= 0.71073 A) from a Rigaku RU-200 rotating-anode generator of the M ions (Figure S1), plot of wavenumbers of the two
operating at 50 kV and 90 mA&. A self-consistent semiempirical ~ Q-bands of [M Nc(tBu)s}2]~ as a function of the ionic radius
absorption correction based on Fourier coefficient fitting of symmetry- of the M" ions (Figure S2), Ce ||, absorption threshold of [Ce-
equivalent reflections was applied by using the ABSCOR prodfam.  (Nc)(OEP)] 6) after subtraction of an arctangent curve and the
The structure was solved by direct methods, which yielded the positions agits of fitting with three Lorentzian functions (Figure S3),

of all non-hydrogen atoms, which were refined anisotropically. chronoamperometric and chronocoulometric data of [Ge

Hydrogen atoms were placed in their idealized positionsKd.96 . . .
A) with fixed isotropic thermal parameters and allowed to ride on their (tBu)s} ] (2) (Figure S4), and complete crystallographic details

parent carbon atoms. All the H atoms were held stationary and included _Of the.X-ray structures ar?dS (PDF and CIF). This material
in structure factor calculations in the final stage of full-matrix least- 1S @vailable free of charge via the Internet at http://pubs.acs.org.
squares refinement. All computations were performed with a PC jp036017+
computer using the SHELX-97 program packéage.
For compound, the data were collected on a Bruker SMART CCD
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