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The synthesis of novel bisaxially coordinated ruthenium(ll) complexes of octaphenyltetraazaporpiRoe (L
(OPTAP); L = NHjs, pyridine (py), pyrazine (pyz)stetrazine (tz),tert-butyl isocyanide tBuNC), and
p-diisocyanodurole (did)) is reported. Template condensation of diphenylfumaronitrile with pentaammine-
(dinitrogen)ruthenium(ll) dichloride gives the crude compound “Ru(OPTAP)” containing mainly the bis(ammine)
derivative (NH),Ru(OPTAP). Heating of “Ru(OPTAP)” with excess of L & py, pyz, tz,t-BuNC, did) gives
L,Ru(OPTAP) which are readily soluble in organic solvents and can be purified chromatographically. In the
case of the bidentate ligands & pyz, tz, did) refluxing of the solutions of monomersRu(OPTAP) results in
formation of oligomers with the bridgegtL coordination. For L= pyz and tz, the sparingly soluble oligomers
contain predominantly dimers [(]Ru(OPTAP} (u-L){ Ru(OPTAP} (L)], and, for L= did, the insoluble:-bridged
polymer [(didf Ru(OPTAP} ((u-did RU(OPTAP})x-10(did)] is formed. U\-visible, IR, and 'H NMR
spectroscopy and mass spectrometry were used for characterization of the obtained compounds. Cyclic voltammetry
study has shown one reduction (OPTADPTAP-) and one oxidation (RURU") process (for (pyy)RU(OPTAP)
observed at-1.15 and 0.68 V, respectively). Comparison with the data on the corresponding phthalocyanine
complexes (kRu(Pc)) reveals the strongerback-bonding properties, the higher oxidation potential, and lower
aromaticity of the porphyrazine macrocycle presentiRUW(OPTAP). These factors along with the lesser extent

of oligomerization are responsible for the lower electrical conductivityr (< 10711 S/cm) of theu-bridged
Ru(OPTAP) complexes as compared with that of gHeridged RuPc polymers.

Introduction Chart 1
Transition metal complexes of aryl-, and alkyl-substituted R® R
tetraazaporphyrins (MTAPs) have become recently an object J
of intensive studie$-3 This is surely connected with the close R R R
structural and electronic resemblance of tetraazaporphyrins with R R
phthalocyanines (MPcs) and common porphyrins (MPs) (Chart —n
1). R R R
MTAPSs contain the same stable porphyrazine macrocycle as
MPcs, which in the absence of the annulated benzene rings R R R
should be less rigid and hence more flexible to deformations. MP
* To whom correspondence should be addressed. R=H, R'=Ph - M(TPP) R=Ph - M(OPTAP)
Tlvanovo State Academy of Chemical Technology. R=Et, R'=H - M(OEP) R=Et - M(OETAP)
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peroxide (octaphenyl derivative)and in the oxidation of was poured in 100 mL of C¥Cl, and stirred for another 24 h. After
cyclohexane (tetréert-butyl derivative¥ which is comparable filtration the solvents were eliminated and the residue was purified by
or higher than that found for FePc. Coordination chemistry, chromatography (silica gel, GBI;). After removal of the solvent the
structure, and spectral properties of iron complexes of TAPS reddish-brown solid material was dried under vacuum (40 mg, 0.034

; ; : mmol, yield~60%). UV—visible (CHCl,): Amax= 288 nm (loge =
have been investigated most comprehensiléiy. _As for the 4.79), 342 sh. 349 (4.86), 407 (4.21), 455 sh, 473 (4.41), 541 (4.49),
Fe analoguescomplexes of Ru and Gonly a brief note on

. . 588 nm (4.98).1H NMR (CDCL): ¢ = 8.25 (m, 16H), 7.50 (m, 16H),
the octaethyltetraazaporphyrin dimers [M(OETAP)ith a 7.41 (m, 8H), 6.30 (M, 2H), 5.56 (M, 4H), 3.04 (M, 4H). FAB-MS

metal-metal bond® and some spectral data on bis(pyridine)- (m/2); 1180, [M], 1022 [M* — 2py]. FD-MS (W2): 1022 [M* —
octaphenyltetraazaporphyrinates @jOPTAP) have been  2py], 2044 [(M — 2py)*]. Anal. Calcd for the formula (pyRu-
published to date. (OPTAP), GaHsoN1oRu: C, 75.30; H, 4.27; N, 11.87. Found: C, 75.18;
We report here on the synthesis and spectral properties ofH, 4.45; N, 11.54%.
bisaxially coordinated ruthenium(ll) complexes of octaphenyl-  (Pyz):RU(OPTAP). A stirred mixture of crude “Ru(OPTAP)” (300
tetraazaporphine @Ru(OPTAP); L = NHjs, pyridine (py), mg, ~0.3 mmol) and pyrazine (3 g, 37.5 mmol) was maintained at
pyrazine (pyz)s-tetrazine (tz)tert-butyl isocyanide tBuNC), 100°Cin a sealed vess_e_l. The excess of pyrazine was sublimed off,
and p-diisocyanodurole (did)). For = pyz, tz, and did, the and the residue was purified by chromatography (silica gel; eluegt CH

- . . oo Clp). After removal of the solvent the red-brown solid material was
preparations of compounds with the bridged. coordination dried under vacuum (150 mg, 0.13 mmol, yield 42%). UV—

of these bidentate Iig_ands have been alsc_> attempted. The “shishggipe- Ama{CH:Cly) = 284, 340 sh, 348, 443 sh, 458, 507 sh, 540,
kebab” polymers built from phthalocyanine and naphthalocya- 586 nm;ima(uvasole)= 292, 345 sh, 362, 450 sh, 472, 507 sh, 545,
nine complexes (f(-L)M(Pc)]» and [(«-L)M(Nc)]») were shown 598 nm. 'H NMR (CDCl): 6 = 8.27 (m, 16H), 7.53 (m, 16H), 7.45
to be good organic semiconductérsinvestigation of the (m, 8H), 6.76 (m, 4H), 2.80 (m, 4H). Anal. Calcd for the formula
electrical conductivity of the corresponding MTAP polymers (pyz:Ru(OPTAP), GxHiNiRu: C, 73.08; H, 4.09; N, 14.21.
[(u-L)M(TAP)],, can clarify the influence of the extension of Found: C, 72.93; H, 4.22; N, 14.06.

the z-system of the porphyrazine macrocycle on the semicon-  Oligomers [(pyz{ Ru(OPTAP)} ((u-pyz){ RU(OPTAP)} )x(pyz)], x

ducting properties of such bridged polymers. ~ 1.25. A saturated solution of (pyZRu(OPTAP) in CHC, was
refluxed for 5 days under nitrogen. Precipitated insoluble product was
Experimental Section separated by filtration, washed with CHClnd dried in a vacuum

(yield ~ 20%). The product contains at least 65% of the dimer [(pyz)-

Diphenylfumaronitrile (DPFN) was prepared from benzyl cyanide {Ru(OPTAP) (u-pyz) Ru(OPTAP)(pyz)] and less than 35% of higher
according to the literature procedtir@nd purified by vacuum distil- oligomersx = 2. UV-visible (uvasole): imax = 292, 349 sh, 361,
lation. Preparation of pentaammine(dinitrogen)ruthenium(ll) dichloride 462, 547 sh, 599 nm. Anal. Calcd for the formula [(dyRY-
([Ru(NHz)s(N2)]Cl) from RuCk-3H,0 was accomplishedly following (OPTAP} (u-pyzX RU(OPTAP} (pyz)], CiadHoaN22RW: C, 73.54; H,
the known proceduré. Solvents (methanol, Ci€l,, CHCl;, 1,1,2- 4.06; N, 13.48. Found: C, 72.85; H, 3.85; N, 12.70%.
trichloroethane), pyridine, pyrazine, atadt-butyl isocyanide were pure (t2):RU(OPTAP) and [(tz){ Ru(OPTAP)} (u-tz){ Ru(OPTAP)} (tz)].
chemicals (Fluka, Aldrich).s-Tetrazine (tz) ancp-diisocyanodurole A mixture of crude “Ru(OPTAP)” (200 mgy0.2 mmol) ands-tetrazine
(did) were prepared according to the methods given in the liter&tfre. (350 mg, 4.3 mmol) was refluxed 20 h in 150 mL of 1,1,2-

Crude “Ru(OPTAP)" was prepared by modification of the method  trichloroethane. After the solution was cooled and filtered, the solvent
reported elsewere. A well-powdered mixture of DPFN (1.15 g, 5.0  was removed under vacuum at RT (room temperature). Chromatog-
mmol) and [Ru(NH)s(N2)]Cl (0.285 g, 1.0 mmol) was heated to 270  raphy on silica gel (eluent Ci&l,) gave several fractions from which
°C and maintained at this temperature until complete solidification the first one contained predominantly the monomer,RafOPTAP)
(about 30 min). The reaction mixture was powdered, and organic (20 mg, 0.013 mmol, yield~ 8%) and the last one the dimer [(tz)-
impurities were extracted successively with methanol and dichlo- {Ru(OPTAP) (u-tz){ Ru(OPTAP)(tz)] (50 mg, 0.022 mmol, yield-
romethane. For further purification the product was dissolved in 96% 229). Anal. Calcd for (t2RU(OPTAP), GeHaNyRu: C, 68.85; H,
H.SQ, filtered, and promptly precipitated by pouring on ice. After 3.74;N, 18.89. Found: C, 69.42; H, 3.86; N, 18.71. thisible (CH-
thorough washing with water and drying in a vacuum-desiccator 0.7 g Clp): Amax= 277, 350, 423, 544 sh, 581, 727 sh, 788 sh A NMR
of crude “"Ru(OPTAP)” was obtained (yield about 70%, calculated on (CDCl): ¢ = 8.30 (m, 16H), 7.597.46 (m, 24H), 7.92 (d, 2H), 3.84
the amount of [Ru(NK)s(N2)]Cl. used). (d, 2H) (additional minor peaks of the dimer are also present). Anal.

(NH3),RU(OPTAP). Crude “Ru(OPTAP)” was chromatographed Calcd for [(tz{ Ru(OPTAP} (u-tz}{ RU(OPTAP}(tz)], CizaHseNag
on silica gel (eluent tetrahydrofuran), solvent was removed, and the Ry, C, 70.27; H, 3.78; N, 17.12. Found: C, 69.87; H, 3.91; N, 17.53.
resulting solid was dried in a vacuum. WVisible (CHCl,): Amax= UV —visible (CHCly): Amax= 270, 345, 419 sh, 544 sh, 582, 684 sh,
268 sh, 306, 348, 513, 549, 599 nm. IR (KBr):= 3341 w, 3250 w, 747 sh nm.*H NMR (CDCLk): 6 = 8.02 (m, 32H), 7.437.34 (m,
3173 w (#(NHa3)), 1601 s §o(HNH)), 1273 m s(HNH)), 740 m cnm? 48H), 7.68 (d, 2H), 3.26 (d, 2H), 1.80 (s, 2H) (additional minor peaks

(p(NH3)). *H NMR (D2SQy): 6 = 8.45 (m, 40H)—4.7 (s, 6H). Anal. of the monomer are also present).
Calcd for the formula (NB).RU(OPTAP), GHseN1dRu: C, 72.78; H, (t-BuNC),Ru(OPTAP). Crude “Ru(OPTAP)” (65 mg,~0.06
4.39; N, 13.26. Found: C, 73.02; H, 4.15; N, 12.87. mmol) was suspended tert-butyl isocyanide (1 g, 12 mmol) at 100

(py)2Ru(OPTAP). Crude “Ru(OPTAP)" (60 mg;-0.06 mmol) was °C for 1 day. Then the reaction mixture was chromatographed (silica
refluxed 24 h with stirring in 10 mL of pyridine. The reaction mixture  gel; eluent CHCI,) and the blue solid obtained was dried under vacuum
(25 mg, 0.21 mmol, yield~ 35%). UV-visible (CHCl): Amax =

(4) Cook, A. H.J. Chem. Soc1938 1761. 276 nm (loge = 4.80), 346 sh, 364 (4.97), 421 (4.05), 443 (4.07), 540
(5) Barkanova, S. V.; Derkacheva, V. M.; Zheltukhin, I. A.; Kaliya, O.  (4.47), 585 nm (5.00). IR (KBr):» = 2135 cm! vs (“(NC)). H
L.; Kopranenkov, V. N.; Luk yanets, E. AZh. Org Kh|m1985 21, NMR (CDCIs) 0=8.32 (m’ 16H), 7.567.42 (m’ 24),7016 (S, 18H)
2018 Russ. J. Org. Chent98s 21, 1848). FD-MS (m2) 1022 [M* — 2t-BuNC], 1105 [M- — t-BuNC], 2044
(6) (a) Hanack, M.; Lang, MAdv. Mater. 1994 6, 819. (b) Schultz, H,; S J )
Lehmann, H.; Rein, M.; Hanack, Mstruct. Bondingl991, 74, 41 [(M — 2t-BuNC)']. Anal. Calcd for the formula ttBUNC):Ru-
and references therein. (OPTAP), G4HseNygRu: C, 74.72; H, 4.92; N, 11.78. Found: C, 74.58;
(7) Cook, A. H.; Linstead, R. 1. Chem. Socl937, 929 H, 5.12; N, 11.64.
(8) Allen, A. D.; Bottomley, F.; Harris, R. O.; Reinsalu, V. R.; Senoff, S. (did),Ru(OPTAP)  and [(did){ Ru(OPTAP)} ((u-did){ Ru-
© A e, S0d 90 B, .  « Bchem. Ph 961 35 (OPTAP)}).(did)]. A solution of crude “Ru(OPTAP)” (100 mg;0.1
1539_ B N 9. 15 Y ’ mmol) and diisocyanodurole (300 mg, 1.6 mmol) in 50 mL of 1,1,2-
(10) Efraty, A.; Feinstein, I.; Wackerle, L.; Goldman, A. Org. Chem. trichloroethane was refluxed for 30 h. After filtration the solvent was

198Q 45, 4059. removed under vacuum at RT. The chromatography of the residue
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Scheme 1 reprecipitation from 96% pSQy. The IR spectrum shows, along
(NH,),Ru(OPTAP) with characteristic bands of the OPTAP macrocycle, the
presence of characteristic vibrations of the coordinated NH
T molecules (see below). The solubility in common organic
" solvents is too low fofH NMR study, but théH NMR spectra
Ph CN ; can be obtained in 50,. The signal for the protons of
4 I + [Ru(NH;),(NDICl, —> "Rfl%lg%AP" coordinated NH is observed at very high field at4.7 ppm.
NC Ph Due to the known tendency of the Ru porphyrin complexes to

DPEN form dimers with a RerFRu bond® we cannot exclude that the
crude “Ru(OPTAP)” contains some amount of the dimer (Ru-

'"l (OPTAP)). Pure (NH),Ru(OPTAP) can be obtained by

chromatography (silica gel, THF) of the crude “Ru(OPTAP)”

L (Scheme 1lii). Heating of the crude “Ru(OPTAP)” with large
iv excess of N-bases (& py, pyz, tz) or isocyanide (& t-BuNC)
L 1L 1. (with or without solvent) leads to the formation of the bisadducts
Lo,Ru(OPTAP) (Scheme 1liii). Unreacted (NsRu(OPTAP)
L
X

is separated by chromatography (silica gel,CH). Inthe case
of the bidentate ligands (& pyz, tz, did) monomers JRu-
[L{RuOPTAP}((u-L){RuOPTAP}). L| L,Ru(OPTAP) (OPTAP) convert easily to the-L-bridged oligomers [(L)Ru-
(OPTAP} ((u-L){Ru(OPTAP)} )«(L)] (Scheme 1iv). Refluxing
of a CHCE solution of (pyz)Ru(OPTAP) gives a mixture of

L= @ @ @N insoluble oligomers, containing predominantly dimer [(pyz)-
N ) {RU(OPTAP} (u-pyz}{ Ru(OPTAP} (pyz)] (at least 65%; see
N N N below the discussion of IR spectra). The corresponding dimer
py pyz (z with tz is more soluble and can be separated from the monomer
by chromatography of the reaction mixture. Due to the strong
trans-effect of isocyanide the monomer (diBU(OPTAP) is
H3C CH stable in solution only in the presence of excessive did. It cannot
H3C “ be isolated in pure form and in the solid always contains an
"3C%NEC C=N Q N=C admixture of some soluble oligomers which cause a variation
H3C in the vn=c (2098-2096 cn1?) for the samples from different
B3C CH3 preparations. The continuous extraction of excessive did with
{BuNC did boiling methanol gives insoluble polymer [(d{dRu(OPTAP}-
((u-did{ Ru(OPTAP})x(did)] with x > 10 (as can be roughly
i - heatingat 270°C estimated from the elemental analysis data).
ii - chromatography (silica gel, THF) )
iii - heating with excess of L = py, pyz, tz, tBuNC, did Some samples have been characterized by mass spectrometry.
iv - extraction of the excessive bidentate ligand In the FAB-MS of (py)Ru(OPTAP), M (m/z = 1180, 39%)
(L = pyz, tz, did) in a boiling solvent appears along with stronger (M- 2py) (Wz = 1022, 94%).

No M* peak was observed in the FD-MS of (gRU(OPTAP)
(silica gel; eluent ChCl,) gave fractions containing monomer (did) ~ but only peaks for (M — 2py) and dimeric (M— 2py)* (m/z
Ru(OPTAP) with an admixture of soluble oligomers. The monomer = 2044) ions. The FD-MS oft{BuNC),Ru(OPTAP) contains
is stable only in the presence of excessive did. ~Wisible (CHCL,): (M* — 2t-BuNC) (m'z= 1022), (M" — t-BuNC) (m/z= 1105),
Amax = 363, 40? sh, 432 sh, 540 sh, 582 nm. IR (KBrNC) = and (M — 2t-BuNC)* (m/z = 2044) peaks.
2098-2096 cntt vs. The solid material obtained after evaporation of UV—vis spectrahave been measured for the &b solu-

CH,CI, was extracted in a Soxhlet with methanol for 4 days to remove . . . X
excess of did. The residual insoluble polymer was dried in a vacuum tions of the monomeric speciesRu(OPTAP) (Figure 1) and

(70 mg, 0.06 mmol, yield- 60%). UV-visible (uvasole): Amax = for the suspensions of the insoluble oligomers in uvasole (Figure
287, 379, 445, 550 sh, 614 nm. IR (KBry = 2093 cntt vs (- 2). The absorption bands in the solid-state spectra are batho-
(NC)). Anal. Calcd for the formula [(digRu(OPTAP}) ((u-didX Ru- chromically shifted as compared to the solution spectra due to
(OPTAP})X>10(dId)], (ngH54N12RU)(C75H52N10RU)(>101 C,75.7;H, 4.4, the DaVydOV effect.

N, 11.6. Found: C, 76.00; H, 4.35; N, 11.20. The bands of ther — x* transitions of the OPTAP

Instrumentation. FT-IR: Bruker IFS 48. UV-visible: Shi_me_ldzu macrocycle (Q, B, N, L, beginning from the low-energy band)
a\gﬁllgge’?lgz-C’;‘/Z'i'é:Vzrt‘;'ﬁ:n'zgyz_5%'("&230&:2)2-72";:)te':mgg;’: are the most intensive in the spectra. The Q-band which is
Working eIectrode: Pt disk. Counter electrode: Pt sheet. Reference?hbsirveilz tEeI VISIb,:.e regll?.d’ﬁtax N SI?O_GOO nm) !dege :ﬁ
electrode: Ag wire. Internal reference: ferrocene. 1€ lay &’ transition. 111S typically accompanied by the

vibronic satellites on the blue side. The B-bandx(3a 4ey*
transition) as well as the N- and L-bands appear in the UV
region. Comparison of the UWvis spectra of LRU(OPTAP)

Synthesis. Template condensation of [Ru(NH(N2)]Cl2 and the corresponding complexes of phthalocyanine and 2,3-
with diphenylfumaronitrile (DPFN) leads to the formation of naphthalocyanine, JRu(Pc) and kRu(Nc) (see Table 1) shows
the crude “Ru(OPTAP)” (Scheme 1 i). The crude “Ru- that extension of the conjugatedsystem of macrocycle leads
(OPTAP)” consists mainly of the bis(ammine) derivative @ to a bathochromic shift of the Q-band and to a hypsochromic
Ru(OPTAP). Excess of DPFN was removed by washing with shift of the B-band. This is in a good agreement with the
methanol and CkCl,. Complete elimination of unreacted [Ru-  theoretical result$> annulation of benzene or naphthalene rings
(NHs3)s(N2)IClI» from the crude product can be achieved after to the porphyrazine macrocycle results in the destabilization of

Results and Discussion
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Figure 1. UV-visible spectra of (N Ru(OPTAP) (a), (pyRu-
(OPTAP) (b), (pyzRU(OPTAP) (c), (tzRU(OPTAP) (d), tBUNC)Ru-
(OPTAP) (e), and (didRu(OPTAP) (in the presence of excessive did)
(f) in THF (a) and CHCI, (b—f).

A

600 800

A, nm

400

Figure 2. UV-—visible spectra of suspensions of the monomer
(pyz)Ru(OPTAP) (solid line) and oligomer [(py{@Ru(OPTAP} ((u-
pyzX Ru(OPTAP})n(pyz)] (n ~ 1.25) (dotted line) in uvasole.

7m-MO’s, which increases in the ordefa< e5* < a,. Thisis
consistent with OPTAP having a higher oxidation potential
than Pé- (see Electrochemistry section below).

For the N-base adducts & NHs, py, pyz, tz) the decrease
of the o-donor and increase of theacceptor properties of the
axial ligand leads to the slight hypsochromic shift of the~
or* transition bands. The coordinated NHas onlyo-donor
properties, and the Q, B, and L bands for (\gRu(OPTAP)

Stuzhin et al.

did) as axial ligands, the Q-band appears at the same position
as for py, pyz, or tz, but the B-band is considerably bathochro-
mically shifted. This is evidently connected with the fact that
isocyanides are not only strongacceptors but also stronger
o-donors than N-heterocycles. As a result, the,3abital,
which has significant electron density on the coordinating
N-atoms, rises in energy for the isocyanide adducts, and as a
consequence, the B-band is shifted to lower energy as compared
with the N-base adducts (see Figure 3). Thg, tebital, having
nodes on the internal N-atoms, is less sensitive to the changes
on the metal center and remains constant.

The spectral window between Q- and B-bands contains
additional bands of lower intensity (Figure 1). For low-spfn d
complexes of MPcs the absorption bands in this region are
usually assigned to the charge transfer (CT) transitlbnAs
was recently shown for bis(pyridine) adducts gWjOPTAP)

(M = Fe, Ru, Os}¥P3 the strongest of these bands can be
connected with the allowed charge transfer (CT) transition M
— OPTAP (¢, — 2by*) which gains intensity from mixing
with - — z* transitions. The position of this CT band depends
strongly on the nature of axial ligands. Only CTMOPTAP

is observed for (NB):RU(OPTAP) fmax = 513 nm), since
coordinated NH has onlyo-donor properties. For axial ligands
havingsr-acceptor properties (py pyz < tz) this CT band (M

— OPTAP) undergoes an increasing hypsochromical shift (to
473, 458 and 423 nm, correspondingly) along with strengthening
of the -back-bonding with these ligands and hence lowering
of the d; orbital (Figure 3). Complexation of the second metal
atom, acting as a Lewis acid, results in the increaseatceptor
properties of bridged pyz, and the CT band-™ OPTAP is
hypsochromically shifted for oligomer [(pyi@Ru(OPTAP} ((u-
pyz{ RUu(OPTAP})n(pyz)] (n ~ 1.25) as compared to the
monomer (pyzRU(OPTAP) (from 472 to 460 nm in the solid-
state spectra, Figure 2). The position of the MOPTAP CT
band for isocyanide adducts (443 nm foBUNCLRuU(OPTAP)
and 432 nm for (diRu(OPTAP)) is indicative of the strong
s-acceptor properties of isocyanides.

The assignment of the M~ L CT band (d — (%)L
transition) is less evident. For [(N§3RuL]?" the CT band Ru
— py is observed at 406 nm and Ru pyz at 472 nmé For
the bridged [(NH)sRu(u-pyz)Ru(NH)s])** the CT band Ru—~
pyz is bathochromically shifted to 546 nth.The shoulders at
407 and 507 nm in the spectra of the py and pyz adducts can
be ascribed to the M~ L CT band. For the tz adduct this CT
transition can appear in the long-wavelength region (Figure 1),
and for the pyz oligomers the M> u-pyz CT band is most
likely covered under the intensive Q-band envelope (Figure 2).
For the isocyanide adducts the M CNR CT transition is
expected in the UV region and may lie under the B-band.
Resonance Raman measurements can be helpful in a more
reliable assignment of these transitions.

IR spectra of L,RU(OPTAP) are typical for complexes of
octaphenyltetraazaporphiffe? and vibration bands of the mac-

are shifted to lower energy as compared to the adducts with rocyclic ligand dominate in the range 660800 cni* (Figure

N-heterocycles (py, pyz, tz) having consideraiiacceptor and
weakero-donor properties (Table 1). For isocyanideB(NC,

(11) stillman, M.; Nyokong, TPhthalocyanines: Properties and Applica-
tions Lezhnoff, C. C., Lever, A. B. P., Eds.; New York, VCH Publ.
Inc.: 1989; Vol. 1, p 131.

(12) Hanack, M.; Polley Rinorg. Chem 1994 33, 3201.

(13) Kobel, W.; Hanack, Minorg. Chem 1986 25, 103.

(14) Keppeler, U.; Kobel, W.; Siehl, H.-U.; Hanack, Klhem. Ber1985
118 2095.

(15) Orti, E.; Piqueras, M. C.; Crespo, R.; Bredas, hem. Mater199Q
2, 110.

4, Table S1). Unlike the phenyl ring vibrations, which are stable

in their position and intensity, some vibrations of the macro-

cyclic skeleton are sensitive to the metal and axial ligands. The
strong skeleton stretching of the OPTAP macrocycle which is
observed about 1487 crhfor the Fe(ll) complexéédis shifted

to a lower energy of~1470 cnt?! for the Ru(ll) complexes

(16) Ford, P.; De Rudd, F. R., Gaunder, R.; TaubeJHAm. Chem. Soc.
1968 90, 1187.

(17) Moore, K. J.; Lee, L.; Mabbott, G. A.; Petersen, J.lilorg. Chem
1983 22, 1108.
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Table 1. UV—Vis Spectral DataAmax NM (loge€)) for Bisaxially Coordinated Ru(ll) Complexes of Octaphenyltetraazaporphine,
Phthalocyanine, and Naphthalocyanine

T — qr* transitions

Q CT and other transitions
compd (6-0) (0-1) B N L L — OPTAP other
(NH3):Ru(OPTAP) 599 549 348 306 513
(py).RuU(OPTAP) 588 (4.98) 541 (4.49) 349 (4.86) 342 sh 288 (4.79) 473 (4.41) 407 (4.21) 455 sh
(py)Ru(Pc}* 626 565 16 284 387
(py)2Ru(Nc)? 717 643 316 429
(pyz)Ru(OPTAP) 586 540 348 340sh 284 458 443 sh 507 sh
(pyz)Ru(Pc}? 641 587 314 268 442 376 sh
(pyz)yRu(Nc)? 721 646 322 416
(tz):RU(OPTAP) 581 544 sh 350 277 423 727 sh 788 sh
(t-BUNCYLRu(OPTAP) 585 (5.00) 540 (4.47) 364 (4.97) 346 sh 276 (4.80) 443 (4.07) 421 (4.05)
(t-BUNC)Ru(Pc}* 641 582 312 350 sh
(t-BUNC)RuU(Nc)? 714 641 325
AEx 10", em™
fBuNC NH, j)% pyz tz
@y, =
2b,,* — e ———— T e
20f -
4o ¥ o o ——— " — L —
10
- H
° -~ -~ . =
O lalu**** ...... L * TIIRIIII 1 R 'H"'"H'.'
-10'3a2u LR
+|-_ ...... +|_ ...... -H- ...... *

Figure 3. Schematical diagram of the orbitals responsible forithe ! ' -

— z* and CT transitions in the U¥vis spectra of LRU(OPTAP) (L 1500 1000 v, cm

= t-BuNC, NHs; py, pyz, tz). The energy of the orbitals are estimated Figure 4. IR spectra of (pyy)RU(OPTAP) (a), (pyzRU(OPTAP) (b),
relative to the 1g orbital on the basis of the experimental bVis and oligomer [(pyZ)Ru(OPTAP) ((u-pyzX Ru(OPTAP))n(py2z)] (n =~
data. 1.25) (c) in KBr. Listed values indicate characteristic frequencies of

(Table S1). The position and intensity of the bands at 770, the axial ligands.
829, 991, 1005 and 1173 crh which were shown to be
sensitive to the oxidation and spin state of the metal dtom,
are characteristic for hexacoordinatédcdmplexes. Changes

in the axial ligand have a lesser influence on the macrocyclic
skeleton vibrations. Increasing of theacceptor properties of
an axial ligand results in the bathochromic shift of the band
about 1170 cm! (from 1175 to 1165 cm* for NH3 and tz
adducts, respectively). Itis in agreement with the observation
that decrease of the M- OPTAPs-back-donation leads to the
low-energy shift of this band (from 1166 crhfor [(CN),-
Fe(OPTAP)} to 1152 cn? for [(CN).Fe(OPTAP)T and 1144
cm~Lfor (CN)Fe(OPTAP)} Influence of axial ligands on the
position of other skeleton frequencies of the macrocycle do not
exceed+2 cnrl,

Although vibrations of axial ligands are often masked by the
stronger vibrations of the macrocycle, their observation gives
useful structural information.

In the IR spectrum of the bis(ammine) derivative, (-
Ru(OPTAP), the characteristic frequencies of coordinateg NH
are present as weak-medium bands: 3Nittetching at 3173,
32??’ .and 3.3.41 crt, NHs degenergte dgformaﬂon at 1601 (18) Metz, J.; Schneider, O.; Hanack, ®pectrochim. Actd982 38A
cm™! (intensifies the weak phenyl ring vibration), Nidym- 1265,
metric deformation at 1273 cm, and NH; rocking vibrations (19) Simmons, J. D.; Innes, K. K. Mol. Spectrosc1964 14, 190.

at 740 cml. For the bis(pyridine) adduct, (BUu(OPTAP),
only weak vibrations of coordinated py (1485, 1436, and 1217
cm™Y) can be identified in the high-frequency region (Figure
4a).

IR spectroscopy is very helpful in distinguishing the terminal
or bridged coordination of the bidentate axial ligands{lpyz,
tz, did) in monomers, }Ru(OPTAP), oligomers, [(l)Ru-
(OPTAP} ((u-L){Ru(OPTAP})«(L)], and polymers, [¢-L)Ru-
(OPTAP)], respectively. As was previously shown for the pyz
adducts of MPc$8the centrosymmetric pyrazine ring stretching
vibration vg, about 1600 cm?, which is only Raman-allowed
for bidentate pyrazinel{zn) and hence absent in the IR spectra
of polymer, becomes IR-allowed in the case of the terminal
pyrazine coordination@,,) and appears in the IR spectra of
monomer at 1581 crmi. The strong band at 1582 cthand
the medium-strong band at 1416 chare characteristic features
of the IR spectrum of (pyzRu(OPTAP) (Figure 4b). These
bands correspond evidently g, (Ag, 1578 cnm?) andvigy (Bay,
1418 cm?Y) fundamentals of pyrazin€. The 1582 cm? band
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Table 2. wn=c Stretching Frequencies (ci) of Isocyanide other macrocyclic complexé$. It is interesting to note that
Adducts of Ruthenium(ll) Complexes with Porphyrazine Type although the molecule of (digRu(OPTAP) has two types of
Macrocycles the —N=C groups (coordinated and noncoordinated), its
VN=C, VN=C, spectrum contains only the singlg=c band, which is indicative

compd cm? compd cm? about strong charge delocalization. Two did adducts, the soluble
freet-BuNC 2138 free did 2113 monomer (did)Ru(OPTAP) and insoluble polymer [(didRu-
(t-BUNC)RU(OPTAP) 2135 (digRu(OPTAP} ~2097 (OPTAP} ((u-did{ Ru(OPTAP} )x-10(did)] (can be abbreviated
(t-BUNC)Ru(Pc}* 2145 (did)Ru(Pc}” 2092 as [-did)Ru(OPTAP)]), have almost identical IR spectra,
(t-BUNC)Ru(Nc)? 2139  [{u-did)Ru(OPTAP)} 2093

which differ only in position of thevn=c stretching vibration
(~2097 and 2093 cnt, respectively). The lowern=c value
@ Contains admixture of oligomers. for polymer reflects strongen-back-bonding in the case of
) ) . bridged did. As can be seen from Table 2 thec value for
becomes IR active due to lowering of the symmetry in [, did)Ru(OPTAP)} is by 9 cn? higher than for correspond-
unidentate coordinated terminal pyrazine, and its relative jng phthalocyanine polymer gj¢did)Ru(Pc)}. This is in
intensity band is diminished for the insoluble sample obtained agreement with stronger-acceptor properties of OPTAPas
by continuous extraction of excessive pyz (Figure 4c¢). Com- compared to Pc resulting in strengthening of-back-bonding

(-BUNC)LRu(TPPJ® 2106 [(-did)Ru(Pc)}e 2084

parison of the relative intensities of thig, band and thec—c with the macrocyclic ligand and its weakening with an axial
phenyl absorptions of the OPTAP macrocycle at 692 &far ligand. For the adduct with an aliphatic isocyanide; (
monomer (pyzRU(OPTAP) ((ved)/l(yc=c) = 0.371) and for  g\;NC),Ru(OPTAP), the R=C stretch is, however, lower than
the insoluble samplel (psq)/I(yc=c) = 0.164) givesn ~ 1.25  for corresponding phthalocyanine or naphthalocyanine deriva-
in the general formula of oligomers [(p{Bu(OPTAP}) ((u- tives, -BUNC)Ru(Pc) and %BUNC)RuNc. Taking into

Pyz{ RU(OPTAP))n(py2)], which corresponds at least 65% of  account thatr-back-bonding is less significant in binding of
dimer [(pyz{ Ru(OPTAP} (u-pyzf Ru(OPTAP} (pyz)] in a aliphatic isocyanide¥} this points out a weakes-bonding of
mixture of ms_oluble oligomers. Several other pyz fundamentals {_g,NC by Ru(OPTAP) as compared to RuPc or RuNc. This
can be seen in the IR spectra of the pyz adducts as weak bands.5, pe explained by strongerdonor properties of OPTAP
The H-bendingv1 (Bsy, 804 cnT?)™® appears as a weak band  resyiting in a higher population of the Adrbital and hence its
at 802 cnr. Unlike this band presented in the IR spectra of oqrer ability too-bind axial ligands. It is interesting to note
both species, the bands at 718 and 629 caimost disappear ¢ thevn=c value for ¢-BUNCLRU(OPTAP) is by 29 cmt

for the dimer and can be counterparted with the Raman-active higher than for ¢BuNC)Ru(TPP) (see Table 2), thus indicating
vioa (Big 757 cnT?) andvea (Ag, 596 cn?) fundamentals of  ch strongerr-acceptor properties of the porphyrazine mac-

free pyz!? i rocycle as compared to the porphyrin macrocycle.
For (tzpRu(OPTAP) several of the tetrazine fundamentals 1, MR spectra give additional information about the

can be observed in the IR spectra. The 1425, 1215, 1119 andstructure of obtained compounds. TRE NMR data for
928 cnt! bands might be correlated with the most intensg monomers LRU(OPTAP) (L = py. pyz, tz, t-BUNC) are
(Bay, 1448 cn1?), v18a10a(B2u, 1200 €M), v15,185 (Bay, 1106 presented in Table 3. In accordance with the low-spin d

—1 1 - i . . . .
fcm ), and ,”1;1”) (hBlu’ 890 le) IR-active fundan|1entals of  configuration of the central atom all protons give sharp signals
free tetrazin€. The 1078 cm® band is probably due t0 oyt any broadening or paramagnetic shift. Axial ligands
intensification of the wea_lk in-plane deformation mod@(szu’ have only a slight influence on the position of the phenyl proton
1090 cnml). Raman-active fundamentals of free tetrazing ( resonances~8.3, ~7.5,~7.4 ppm, foro-, m-, andp-protons

~ 1 1 ~ . .
(819’1 1500 cnr )’.Vsa (Ag, 737 cnt?), and Veb (Blg,' 675 respectively). Due to the strongelectron ring current of the
cm™) due to reducing of symmetry frofi to Csin unidentate. 5 0rocvcle ' the signals of protons of axial ligands are signifi-
coordinated tetrazine become IR active and appear at 1497, 730t:antly upfield shifted in comparison to the free ligands. This

| : : )
and 653 cm A respectively. Folr the bndgltled COOI’dII’lﬁIed upfield shift is lesser than that observed for corresponding
tetrazine Czn) these modes are only Raman-allowed and hence i 10cyanine complexes (see Table 3). This agrees with the
their intensity should be lower for oligomers. Comparison of - coca” of aromaticity of porphyrazine macrocycle due to

the rela_tive inten_sities_of the 1497 and 692 cnbands is annulation of benzene rings. In the case of bidentate ligands
suggestive of mainly dimeric structure [Bu(OPTAP} (u- (L = pyz, tz) the!H NMR spectra contain, along with strong

tzZ{ Ru(OPTAP) (tz)] of the compound which was separated 1, itipjets of the Ph protons of monomersRu(OPTAP), the
chromatographically from the monomer §&u(OPTAP) (((vex)/ minor upfield shifted Ph multiplets belonging to the dimer [(L)-

I(yc=c) = 0.240 and 0.472, respectively). The position of the ) ;

tetrazine vibrations for the dimer differs only slightly from the I{Olr:;un(c?u:g:g )u@p:fit)léRsﬁgf(t) iz-gpt;l;)?agbgésfgftggﬁrzri)t.ogg?rcr)nn? st

values of the monomer, and only the in-plane deformation ~8.3 to~8 ppm. Protons of the bridged ligand-pyz, u-tz)

shifts to hlgher energy by 12 cth L in the dimer should give a singlet at higher field as compared
The position of the very strongn=c stretching in the with the H signal in the monomer. In the case of thepyz

isocyanide adducts is informative about the relationship of the bridge connecting two RUOEP units (OEPoctaethylporphy-

o-bonding andr-back-bonding effects of coordination. Increas- rinate) the signal appears at abot® ppm2® Due to low

i:?%;c]:kogc))%g?ril;gsmnu?j é(()acr?eiseNEC’ V;g?%citr:eg;lg;?zgglgrslf solubility of the pyz dimer we were unfortunately unable to
J A e=c. identify reliably weak signals. For the more soluble t
isocyanide adducts,t-BuNCRLRuU(OPTAP) and (didRu- ! ity reliably w Pyz Si9 . z
(OPTAP), thevn=c value is lower than for free isocyanide

(20) Boschi, T.; Bintempelli, G.; Mazzochini, G. Aorg. Chim. Actal979

(Table 2). The larger shift observed for the did adduct (16%¢m 37, 155.
as compared with theBuNC adduct (3 cm?) indicates that (21) Farrell, N. P.; Murray, A. J.; Thornback, J. R.; Dolphin, D. H.; James,
the effect ofzz-back-bonding prevails over-donation in the B. R. Inorg. Chim. Actal97§ 28, L144.

. . . . . 22) Stuzhin, P. A.; Khelevina, O. Goord. Chem. Re 1996 147, 41.
case of the did coordination. Strengtheningreback-bonding Ezgg Endo, A.; Tagami, U.; Wada, Y.; Saito, M.; Shimuzu, E.;SﬁoP.

for aromatic isocyanide adducts was previously observed for Chem. Lett1996 243.
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Table 3. 'H NMR Data for LRU(OPTAP) and kRu(Pc) in CHC} (6, ppm)

chem shifts §, ppm)

L OPTAP
L compound H HP He o-Ph m-Ph p-Ph
b Ha free py 8.50 7.06 7.46
(py)RU(OPTAP) 3.04m 5.56 m 6.30m 8.25m 7.50m 7.41m
He N— (pY):Ru(Pc¥ 2.43 5.21 6.02
b Ha free pyz 8.50 8.50
ot (pyz):RU(OPTAP) 2.80 m 6.76 m 8.27m 7.53m 7.45m
— zxRu(Pc}? 2.35 6.47
NON (pyz):Ru(Pc}
Hb free tz 10.3 10.3
h= (tz):RU(OPTAP) 3.84d 7.92d 8.30m 759.46m
NON— (tz):Ru(Pc§® 3.79d 7.69d
N
Ha
HsC, freet-BUNC 1.44
HSC+N =c— (t-BUNC),RU(OPTAP) -0.16 s 8.32m 7.567.42m
HsC (t-BUNC)Ru(Pc}* —0.49s
pth |* 0.73 V and occurs on the macrocycle {P®c couple)?® The
oPh m,p-Ph energy difference between the oxidation and reduction processes
N@( (AEredox= 1.83 eV) for (py)RUu(OPTAP) is substantially lower
H,)\N,N , nH e that the energy of the long-wavelength— s* transition (Q-

b

o-Ph

band 2.11 eV), thus indicating that the oxidation most probably
occurs on the metal (R{Ru") and not on the macrocycle
(OPTAP-/OPTAP"). For the Cu complex oftert-butyl-
substituted TAP, Cu(TAPBuU,), where the macrocycle is the

only site of oxidation AEeqox= 2.23 €V is close to the energy
of the Q-transition (2.13 eV It must be also noted that even
for complexes of TAPs with electron-donating alkyl substituents
(Cu(TAPBU,), VO(TAPBU),26 and Mg(OETAPY"), the oxida-
tion potential of the tetraazaporphine macrocycle is 6085

V higher than for corresponding Pc compleXésAs follows
from comparison of the acitbase properties of the substituted
TAPs, the phenyl substituents unlike the alkyl groups exert an
electron-attracting effect on the TAP macrocy&eln view of

this it is not surprising that for (pylRU(OPTAP) the first

12 oxidation occurs on metal and not on macrocycle. The high
potential observed for the (R(RU") couple is explained by
the strongers-acceptor properties of the TAP macrocycle
present in (pyy)RU(OPTAP) as compared with porphyrin mac-
rocycle in (py»Ru(TPP). Stronget-back-bonding abilities of
coordinated pyz than that of py stabilize theatbitals of Ru,
and the first oxidation potential (0.91 V) is increased for (pyz)
Ru(OPTAP). The value oAE.qox = 1.88 V which is lower
than the energy of the Q-transition (2.12 eV) implies that in
this case oxidation is also localized on Ru. The weaker-d
*(OPTAP) interaction in (pyzRu(OPTAP) than in (pyRu-

dimer, [(tz{ Ru(OPTAP) (u-tz}{ Ru(OPTAP) (tz)], the doublets (OPTA;), leads to the higher reduction potential qf the (OPZTAP
of the terminal coordinated tz and thdz singlet are shifted to OPTA ,) couple H,)',97 and—1.15 V, respectively).
the higher field as compared with monomer (by 0.24, 0.58, and _ Electrical conductivity (orr) of all samples measured by
2.04 ppm forHb, Ha, andu-Ha protons, respectively). the two-probe technique were lower tharr30S/cm. Corre-
Electrochemistry of (py),Ru(OPTAP) and (pyzRu(OPTAP)  SPonding monomer complexes of phthalocyaningRu(Pc),
has been investigated in GEl, using cyclic voltammetry and
differential pulse voltammetry. For both compounds two redox (25) gﬁlphigégd:ggrﬁg,s& R.; Murray, A. J.; Thornback, J.CRn. J.
processes have been observede reduction and one oxidation €m. L1964 90, 3 .

. (26) Kobayashi, N.; Nakajima, S.; Osa Them. Lett1992 2415.
at—1.15and 0.68 V for (pgRU(OPTAP) (Flgure 6)_an¢0-97 (27) Ough, E. A.; Creber, K. A. M.; Stillman, M. Jnorg. Chim. Acta
and 0.91 V for (pyzRU(OPTAP). The first oxidation for 1996 246, 361.

(py)RU(TPP) in CHCI, was observed at 0.21 V and ascribed (28) Lever, A.I_B. P Milae\r/]a, IfE]c R.; Speier, Bhthalocyanines:. Properties;

to the RU/RU" couple?* whereas for (py)Ru(Pc) it appears at %ng:Aﬁgv'f%OrE’sigégj?c\’,dlcéy%’fever’ A. B. P., Bds.; VCH Publ.

(29) Stuzhin, P. A.; Khelevina, O. G., Berezin, B. Bhthalocyanines:
Properties and Applicationd_ezhnoff, C. C., Lever, A. B. P., Eds;
VCH Publ. Inc.: New York, 1996; Vol. 4, p 19.

3, ppm

Figure 5. *H NMR spectrum (CDG| 250 MHz) of the tetrazine
adducts mixture: monomer (Bu(OPTAP) and dimer [(tZRu-
(OPTAP} (u-tz){ Ru(OPTAP) (tz)]. Signals of the monomer are marked
by normal font, and signals of the dimer, by italics.
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Figure 6. 100 mV/s cyclic voltammogram of (pyRu(OPTAP) (1072
M) in 0.1 M (n-Bu)sNPR—CH,CI; solution.

(24) Brown, G. M.; Hopf, F. R.; Ferguson, J. A.; Meyer, T. J.; Whitten,
D. G.J. Am. Chem. S0d.973 95, 5939.
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have ortvalues of the same order, but for thebridged in the research team of M.H. and is especially thankful to Drs.
polymers, [ft-L)Ru(Pc)}, the ort values are by several orders  Ulrich Ziener and Rainer Polley for helpful advice and discus-
of magnitude highef. Low electrical conductivity observed for  sions. We thank Mrs. Christine Rager, Elke Steinhuber, and
theu-bridged Ru(OPTAP) adducts can be explained due to the Stefanie Dttinger for obtaining théH NMR spectra and Dr.
lesser extent of oligomerization and the higher oxidation Uwe Schlick for the electrochemical measurements.

potential of the OPTAP macrocycle.
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