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Two novel bis-terdentate Ir(lll)-cyclometalated complexes, [Ir(L1)(14" (1) and [Ir(L1)2]* (2), have been
prepared (L1 is 2,6-bis(fethyl-4-phenyl-2-quinolyl)pyridine; L1 is its mono-anion, see Figure 1). To the
best of our knowledgel and 2 are the first luminescent and redox-active Ir(lll)-cyclometalated bis-terdentate
compounds. In acetonitrile solution, on oxidati@undergoes a reversible, metal-centered, one-electron oxidation
at +1.40 V, wheread does not exhibit any oxidation process up+t@.00 V. On reduction, both compounds

undergo four reversible ligand-centered one-electron processes. The absorption spectra of the compounds are

dominated by moderately intenseiff the 16—10* M~* cm~ range) spin-allowed metal-to-ligand charge-transfer
(MLCT) bands at wavelengths longer than 350 nm and by intenge the 13—10° M~ cm™! range) ligand-

centered (LC) bands at shorter wavelengths. The complexes exhibit an intense luminescence both at 77 K in

MeOH/EtOH, 4:1 (v/v), rigid matrix 1, Amax = 592 nm,t = 20 uS; 2, Amax = 598 nm,7 = 9 us) and at room
temperature in deoxygenated acetonitrile solutihmt fax = 620 nm,z = 325 ns,® = 0.005;2, Amax = 630 nmM,
7 =2.3us,® = 0.066). In all cases, the emission is assigned to triplet MLCT levels (namety,Ut and Ir
— L1™ in 1 and2, respectively).

Introduction iridium(lll) complexes developed so far are made up of
bidentatepolypyridine (or cyclometalating) ligands.This is
an unfavorable situation because terdentate polypyridine-type
ligands are particularly interesting as far as the control of the
geometry of supramolecular structures is concefnetls a
consequence, iridium(lll)-based chromophores remain at the
margin of this research field.

Here we report the synthesis, characterization, absorption
spectra, photophysical properties, and redox behavior dirtiie
(to the best of our knowledge) luminescent and redox-acti
Ir(111)-cyclometalated bis-terdentate compoundsnd2 (Figure
1), with polypyridine-type ligands. These compounds represent
the first examples of a new class of luminescent and redox-
T Universitadi Catania. activr_e me’_[al c_omplexes. I_t can be envisaged thf_it, gfter_ suitable
* Dipartimento di Chimica Organica e Biologica, UnivetsiiaMessina. functionalization of the ligands (e.g., by derivatization of
§ Universitadi Bologna. position 4), these new chromophores could be inserted into

"'Dipartimento di Chimica Inorganica, Chimica Analitica e Chimica  metal-based supramolecular arrays for light energy conversion,
Fisica, Universitadi Messina.

® Abstract published imdvance ACS Abstractéjovember 1, 1997. thus opening a way to supramolecular architectures containing
(1) (a) Balzani, V.; Scandola, FSupramolecular Photochemistrillis novel useful building blocks.
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Luminescent and redox-active polypyridine-type metal com-
plexes are playing a key role as molecular components (building
blocks) in the development of supramolecular species capable
of harvesting solar energy and elaborating light information at
the molecular level. Most of such supramolecular species are
based on ruthenium(ll) and osmium(ll) tris-bidentate and/or bis-
terdentate building block¥:2 Recently iridium(Ill) species,
which are knowf to be quite interesting systems from the
photochemical and redox viewpoint, have been integrated into
luminescent supramolecular arrgysTheir use, however, is
limited because almost all the luminescent and redox-active
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96, 759 and references therein. 1994 116, 9086.
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L1+ el + L1~ L1™ + Ir(lll) + L1™

Figure 1. Schematic representation bnd2. The spheres represent
the iridium(Ill) atoms. Shadings do not designate specific ligands but
are only used for clarity purposes. For the same reason, the arrangeme
adopted by each ligand for complexation is shown. The phenyl
substituents of L1 have been labele@ and b for convenience.
According to this scheme, the phenyls of L1liarea-type substituents.

see Figure 1J. Such a ligand, in principle, can act as a
terdentate ligand to chelate a metal by employing either (i) the
three nitrogen atoms or (ii) two nitrogenscha C atom, giving
rise to cyclometalation (bmpqpyL1~; Figure 1). Itis knowA

that If"" prefers cyclometalation, so that the coordination mode
(if) was expected. The method used for the synthesisarid

2 is similar to that previously employed for the synthési
[Ru(omapy}]?* (3) and [Os(bmgpy)?™. Reaction of IrC} with
bmpgpy (2 equiv) in glycerol at reflux for 24 h afforded two

Mamo et al.

The twoa phenyls (Figure 1) are pointing out and are free to
rotate around the C(#-C(1') bond, thus giving rise to a
multiplet (0 = 7.53 ppm, 10H).

As far as1 is concerned, théH NMR spectrum shows
resonances due to both L1 andLligands. With respect to
the free ligand L1, the resonances of the protons of both pyridine
moieties are affected by the presence of the opposite orthogonal
ligand: the resonances for HE3H(5) of L1~ move downfield
(A6 0.38-0.80 ppm) because of the deshielding effect (similar
to the one observed f&) due to the two quinoline moieties
of the opposite orthogonal ligand L1, while the resonances for
H(3) and H(5) of L1 move upfieldAé = 0.21 ppm), due to
the shielding effect, as discussed f&yrof theb phenyl of the
orthogonal LT ligand (Figure 1). Unlike the signals of H(3)
and H(5), the resonance of H(4) of L1 inmoves downfield
(A6 = 0.41 ppm). The phenyl resonances further confirm the
proposed structure df, since the three similar phenyl groups
(a-type; only one of them is evidenced in Figure 1) give rise to
a multiplet até = 7.58 ppm (15 protons), while the fourth
phenyl p-type), involved in stacking, exhibits three distinct
resonances with a marked upfield shikd 0.21—1.31 ppm)
compared to the free ligand L1. For tlthe resonances of
H(2'") and H(3') are indistinguishable i from those of H(6)
and H(B'), respectively, because they experience similar chemi-
cal environments due to the symmetry of the opposite orthogonal
L1 ligand.

Redox Behavior. For the sake of simplicity, we start the
discussion of the redox behavior wizh The oxidation pattern
of this compound (Table 2, Figure 2) shows a reversible one-
electron process at1.40 V vs SCE which can be safely

r@ttributed to the metal-centered oxidatfth As far as reduction

Is concerned, four reversible one-electron processesldtl,
—1.36, —2.01, and—2.13 V »s SCE are observed. The
attribution of these processes is simplified on considering that
2 is composed of two identical cyclometalating ligands (Figure
1). The first two reduction processes can therefore be safely
assigned to the first one-electron reduction of each ligand, and
the third and fourth processes, to their second one-electron
reduction. The large separation between the second and third
processes (650 mV), which is correlated to the pairing energy
of two electrons in the LUMO of L1, can be accounted for by
considering that this orbital is mainly localized on a restricted
part of the ligand, namely the noncyclometalating quinoline
moiety.

compounds, which after chromatographic separation were  op passing td, it is expected that metal-based oxidation is

characterized (MS-FAB, mono- and bidimensiofdl NMR)
as [Ir(bmpapy)(bmpqgpy)l(PFe)2 (1) and [Ir(bmpapy)2](PFe)
(2) (for details, see Experimental Section).

NMR Characterization. The 'H NMR data reported in

shifted toward more positive potentials, because of the presence
of the noncyclometalating ligand L1. Indeed, no oxidation
process is observed for this complex up+4@.00 V vs SCE
(Table 2, Figure 2). As foR, four reversible one-electron

Table 1 show that the resonances of the protons of the two o4 ction processes at0.67,—1.04,—1.37, and—1.91 V are

pyridine moieties (H(3)H(5)) and those of the two phenyl
labeledb in Figure 1 (H(2')—H(6")) are shifted upfield £
0.08-1.38 ppm) in2 compared to the free ligand L1. This
suggests that thb phenyl of each of the two L1ligands is
oriented face-to-face with the pyridine moiety of the other L1
ligand, thus creating a stacking effect (Figure 1). The upfield
shifts can be explained in terms of mutual diamagnetic shielding
of each of these aromatic rings by the one facing it. Further-

more, the five distinct resonances observed for the two phenyl
rings are the direct consequence of restricted rotation around

the C(4)—C(1") bond and different chemical enviroments due
to the asymmetric nature of the opposite Ldrthogonal ligand.

(7) (a) Mamo, A.; Juris, A.; Calogero, G.; CampagnaC8em. Commun.
1996 1225. (b) Mamo, A.; Stefio, I.; Poggi, A.; Tringali, C.; Di Pietro,
C.; Campagna, New J. Chem.in press.

observed. In this case, for attributing the reduction processes
to specific sites, it should be considered that two different
ligands are present (Figure 1). The first reduction proceds of
is assigned to the first reduction of the noncyclometalating
ligand. On assuming that the pairing energy of L1 is the same
as that found for an almost identical ligand in comp8(375
mV)2 and considering that the separation between the first and
second reductions ifh is 370 mV (see above), we assign the
second process df to the second reduction of its noncyclo-
metalating ligand. The third and fourth processes are therefore
assigned to the first and second reductions of the cyclometalating
ligand. This is supported by the fact that the separation between

(8) Campagna, S.; Mamo, A.; Stille, J. B. Chem. Soc., Dalton Trans.
1991, 2545.
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Table 1. Selected Proton Chemical Shift Dafar the Complexes and the Free Ligand

bmpgpy (L17) bmpgpy (L1)

Ha Ha Hs PIf Hpd Hgd Hd Hgd Hed Hass Ha Ha Ph
L1 8.76  8.09 8.63 7.56
1 8.16 8.01 8.42 7.53 6.18 7.03 7.21 7.03 6.27
Ad —-060 —0.08 -034 -003 -138 -053 -035 —053 —1.29
2 9.14 8.89 9.24 7.58 6.25 7.10 7.35 7.10 6.25 855 8.0 8.14 7.58
AS 0.38 0.80 0.48 002 -131 —046 —-021 —046 -131 —-021 041 —049 —0.02
3 9.17 8.90 8.24 7.48
AS 041 080 -039 —0.08

a Chemical shifts in ppm downfield from M8i. Spectra of the ligand and complexes were obtained in deuterated 1,1,2,2-tetrachloroethane
(TCE). ® Numbering pattern shown in Figure 94Resonance corresponding to phenyl rand Italic protons correspond to phenyl ritig ¢ Used as
a reference modé®.

Table 2. Absorption Data, Luminescence Properties, and Redox Properties of the Novel Conipbma2?

absorption . ;
Amaxe M luminescence electrochemistry Ey 2, V vs SCE

no. complex (e,M™1cm™?) Amax NM T, US (o] Amax NE T, uS* oxidn redn

1 [IfLL)L17)]2* 390 (44 250) 620 0.325  0.005 592 20 d —0.67;-1.04;—1.37;—-1.91
305 (52 900)
262 (73 800)

2 [IrL1)g]* 418 sh (6500) 630 2.3 0.066 598 9 +1.40 -1.11;-1.36;—2.01;—2.13
357 (18 700)
313 (32 500)
238 (47 600)

a|n deoxygenated acetonitrile at room temperature unless otherwise $tatedinescence maxima are corrected for photomultiplier response.
¢ In MeOH/EtOH, 4:1 (v/v), rigid matrix at 77 K¢ No oxidation process was observed upt@.00 V.

0.8
25 2
20 1 7;
< O b
215 A s
10 mF_’
5 - w
0 : o
20 - 1
< 15 Figure 3. Absorption spectra of and2 in acetonitrile.
=.
10 A in nature, at shorter wavelengths. The absorption spectrum of
2 (Table 2, Figure 3) is somewhat similar in shape to that of
51 in the UV region, with the noticeable exception that it is lower
0 in intensity. Furthermore, with respect 19 the MLCT band
1.0 00 10 20 at lower energy becomes broader and a new MLCT band

E (V vs SCE) appears as a shoulder at 418 nm. The differences between the
. ) ) ) ~absorption spectra df and2 can be explained by taking into
Figure 2. Differential pulse voltammograms (peak height, 75 mV: 5004t that MLCT and LC bands involving cyclometalated

scan rate, 20 mV/s; pulse width, 40 ms)Io{bottom) and2 (top) in . . . .
argon-purged acetonitrile solution. Concentration of the compounds: ligands (which are the only possible MLCT and LC bands in

5 x 10-4 M. Working electrode: glassy carbon. The ferrocene peak at 2) are usually less intense than MLCT and LC bands involving
+0.40 V, used as a reference, is normalized by taking into account the polypyridine-type (in this case, polyquinoline) ligansnore-
differences in the diffusion coefficients. over, the acceptor ligands of the MLCT transitionlirand 2

are different and the intensities of the various vibrational
the third and fourth reduction potentials a@f (540 mV) is components of MLCT bands could be different.
comparable with the pairing energy of L1n 2 (see above). The novel complexes exhibit an intense luminescence both

Absorption Spectra and Luminescence Properties.The at 77 K in MeOH/EtOH, 4:1 (v/v), rigid matrix and at room

absorption spectrum df (Table 2, Figure 3) is dominated by  temperature in deoxygenated acetonitrile solution (Table 2; see
an intense band peaking at 390 nm, attributed to a spin-allowedFigure 4 for2). The emission is assigned IMLCT levels in
metal-to-ligand charge transfer (MLCT) transition involving L1, all cases (namely, I~ L1 and Ir — L1~ in 1 and 2,
and by higher intensity bands, most likely ligand centered (LC) respectively), on the basis of emission spectral shapes, energies,
and lifetimest® The similar energies of the luminescent excited
(9) Alternatively, the second reduction procesd a@ould be assigned to states in both the complexes are justified by the fact that the

the first reduction of the cyclometalating ligand;Lin this case, the - - e ey

third and fourth reduction processes should involve different ligands. less positive metal-based oxidation potential2iri+1.40 V)
This is in contrast with the large separation (540 mV) found between
the latter reduction processes. (10) Crosby, G. AAcc. Chem. Red975 8, 231.




5950 Inorganic Chemistry, Vol. 36, No. 25, 1997 Mamo et al.

100 T T T T T room temperature, a red-orange powder precipitated, which was
- recovered by filtration, washed successively by cold water, methanol,
Lauw]| ] and diethyl ether, and recrystallized from @Hy/cyclohexane. This
procedure gave 150 mg 4f(40%) and 34 mg o (10%). Both the
new compounds gave satisfactory C, H, and N elemental analyses.
501 b Detailed NMR assignments and MS(FAB) data are as foll&ws:

1. orange-red solid.'H NMR (250 MHz; deuterated 1,1,2,2-
tetrachloroethane, TCE)) = 9.24 (d, 1H(5) of LI, J ~ 7.7), 9.14
(d, 1H(3) of L1, J ~ 7.7), 8.89 (t, 1H(4) of L1, J ~ 7.7), 8.55 (m,
A (8. 213 of LI, 7.83 (M, TH( 801 L1 4 11(8) bof L1 4 2t
s, 2H(3) o , 7. m, ao - 0 - -

0 660 Aoy 780 25') of(L)l), 7.58 (m, 5H(Ph)a of L1~ + 10H(Ph) of L1), 7.38 (m,
Figure 4. Luminescence spectra 2fin MeOH/EtOH, 4:1 (v/v), at 77 1H(6) aof L1~ + 2H(6) of L1), 7.35 (bd, 1H(4) b of L17), 7.10 (m,
K (solid line) and in acetonitrile solution at 298 K (dotted line). The  212'/6") b of L1-), 7.05 (bd, 1H(6 b of L17), 6.55 (s, 2H(§ of
spectra are uncorrected for photomultiplier response. Corrected values 1y 6.37 (d, 1H(5 b of L1-, J ~ 8.5), 6.25 (d, 2H(3/5") b of L1-,
of emission maxima are reported in the main text. J~7.3),5.85 (s, IH( aof L17), 2.42 (s, 3H(Mep of L1-), 2.18 (s,
6H(Me) of L1), 2.00 (s, 3H(Meh of L17). MS(FAB"): m/z= 1218;
with respect tdl (>+2.00 V) is balanced by the more negative [Ir(bmpgpy)(bmpgpy)]?* requires 1218.
reduction potential of the acceptor ligand of the CT transition ~ 2: orange red solid.'H NMR (250 MHz; deuterated TCE)) =
(i.e., L1inland L1 in 2). The longer luminescence lifetime  8.42 (d, 2H(5)J ~ 7.3), 8.16 (d, 2H(3)J ~ 7.6), 8.01 (t, 2H(4)) ~
of 1 with respect to2 at 77 K is probably due to different ~ 7:9): 7.68 (d, 2H(§ a, J~ 8.5), 7.77 (s, 2H(3 b), 7.53 (m, 10H(Ph)
electron delocalization in the acceptor ligand of the MLCT @ 723 (bd, 2H(§ &), 7.21 (bd, 2H(4) b), 7.03 (m, 2H(3) b + 2H-
: ; - (5") b), 6.92 (dd, 2H( b, J ~ 8.8, 1.4), 6.27 (bd, 2H(Bb + 2H(6")
excited state (as a consequence, a different distortion of theb) 6.18 (d, 2H(2) b, J ~ 7.6), 6.11 (s, 2H( a), 2.37 (s, 6H(Me)
excited state with regard to the ground state can be inferred in 1.55'(31 6H’(Me)a). l\’/IS(FAI.B*)l: miz= 1217: [Il’(lbmlpqpy)’zr require’s
the complexes, and such an effect translates into different 1517

coupling for nonradiative transitioh’s). Actually, the MLCT Equipment and Procedures. Absorption spectra were obtained in
excited state irl involves the “symmetric” polyquinoline ligand  acetonitrile solution at room temperature by means of a Kontron Uvikon
L1 and in2 it involves the “asymmetric” cyclometalating £1 860 spectrophotometer. Luminescence spectra were obtained with a

and electron delocalization is expected to be more effective in Perkin-Elmer LS-5B spectrofluorimeter. Emission lifetimes were
the ligand L1. On passing to room temperature, the order of measured with an Edinburgh FL-900 single-photon-counting instrument
luminescence lifetimes is reversed (see above). This could (nitrogen discharge; pulse width 3 ns). Emission quantum yields were
; i ; ; measured at room temperature (2G) with the optically dilute
Zzg?:t?\?;:igi I;ygg\éi?g?t ?/{/(?rr;( l|Jsp ?rf rplryolggeg)s(ctlée%jitt?g; ethe method!® calibrating the spectrofluorimeter with a standard lamp. [Ru-

. . . (bpy)]?" in aerated aqueous solution was used as a quantum yield
in detail the temperature dependence of the excited Statestandard,assuming a value of 0.028Electrochemical measurements

properties ofl and2. were carried out in argon-purged acetonitrile solution at room temper-
USi ature with a PAR 273 multipurpose instrument interfaced to a PC. The
Conclusion working electrode was a Pt microelectrode or a glassy carbon (8 mm

Two novel bis-terdentate Ir(lll)-cyclometalated compounds Amel) electrode. The counter electrode was a Pt wire, and the reference
1 and 2 have been prepared and characterized, and theirelectrode was a SCE separated with a fine glass frit. The concentration

4 H _
absorption spectra, luminescence properties, and redox behaviof 1€ complexes was & 1074 M, and tetraethylammonium hexafluo-
.rophosphate 0.05 M was used as supporting electrolyte. Cyclic

have been studied. Because of their structures and of thelrvoltammograms were obtained at sweep rates of 20, 50, 200, 500, and

spectroscopic, photophysical, and redox properliegid2 can 1000 mV s, DPV experiments were performed with a scan rate of
be considered the first examples of a new class of luminescentzo mv s, a pulse height of 75 mV, and a duration of 40 ms. The
and redox-active metal complexes. It can be envisaged that,same half-wave potential values are obtained from the DPV peaks and
after suitable functionalization of the ligands, these new from the average of the cathodic and anodic cyclic voltammetric peaks.
chromophores could be inserted into metal-based supramoleculaBoth CV and DPV techniques have been used to measure the number
arrays for light energy conversion, thus opening a way to ©f the exchanged electrons in each redox protesslizing 5 x 104

supramolecular architectures containing novel useful building M ferrocene as reference compound. To establish the reversibility of
blocks a process, we used the criteria of (i) separation of 60 mV between

cathodic and anodic peaks, (ii) close to unity ratio of the intensities of
the cathodic and anodic currents, and (iii) constancy of the peak
potential on changing sweep rate in the cyclic voltammograms.
Synthesis of 1 and 2. A mixture of the commercially available  Experimental errors in the reported data are as follows: absorption
IrCl3 (75 mg, 0.25 mmol) and bmpgfy(282 mg, 0.55 mmol) in maxima, 2 nm; emission maxima, 5 nm; emission lifetimes, 10%;
glycerol (20 mL) was refluxed for 24 h under nitrogen. After cooling, emission quantum yields, 20%; redox potentials, 10 mV. As far as
20 mL of water was added. The red-orange solution was further molar absorption coefficients are concerned, the uncertainly in their
refluxed under stirring for 10 min and extracted with CkCIThe absolute values is-10% because of the highly dilute solutions used
organic layer was rotary-evaporated to dryness, angOBHvas added. (105—-107* M).
Repeated column chromatography on silica §CN/KNOs/H,0 (28:
1:0.5) used as eluant) afforded two main fractions corresponding to IC970791E
complexesl (R = 0.40) and2 (R = 0.54). Each fraction was rotary-  (12) For convenience, in NMR assignments the lettéabels resonances
evaporated to dryness, water (10 mL) was added, and the product was  of thea-type phenyl and corresponding quinoline moieties, while the
extracted with hot CHGI The chloroform solution was dried on Na letter b labelsb-type phenyl and corresponding quinoline moieties in
SO, and rotary-evaporated to dryness, and the crude product was L1~ (see Figure 1). The assignments of the signals to each ligand are
dissolved in hot methanol (20 mL). A 20% aqueous solution ofNH based on analysis of the-HH COSY 45 spectrum and on comparison

i 7b
PR (10 mL) was added. After the mixture was allowed to cool at 13) Vg'é%i;e géﬁ_.reg%ggs fg_ %)n;;?:i( Cheml971, 75, 991.

(14) Nakamaru, KBull. Chem. Soc. Jprl982 55, 2697.
(11) Treadway, J. A.; Loeb, B.; Lopez, R.; Anderson, P. A.; Keene, F. R.; (15) Campagna, S.; Denti, G.; Serroni, S.; Juris, A.; Venturi, M.; Ricevuto,
Meyer, T. J.Inorg. Chem.1996 35, 2242. V.; Balzani, V.Chem. Eur. J1995 1, 211.

Experimental Section






