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Visible range photolyses dfans[RuCl(cyclam)L]" (cyclam= 1,4,8,11-tetraazacyclotetradecanex=lpyridine
(py), 4-picoline (4-pic), isonicotinamide (isn), or 4-acetylpyridine (4-acpy)) were studied in acidic aqueous soluti
and lead to exclusive azine photoaquation. The py and 4-pic complexes have a relatively high, and irradie
wavelength independent, quantum yield (0.020P < 0.025), while the isn and 4-acpy complexes have lower
quantum yields ®is, ~ 0.006;P4—5cpy < 0.001). The relativebs show patterns consistent with the excited-state
tuning model proposed to explain the photochemistry of other related ruthenium(ll) ammines. The results indi
that the excited-state precursor of the photochemistry should be a LF* and has a strong contribution frem th
orbital, which should lie lower in energy than thg g2. Accordingly, considering an approxima®g, symmetry

for the complexes, this LF* should be®&. The results also suggest that the intramolecular hydrogen bonds |
the chloride that occur in the ground state may be still operative in the excited state in order to prevent
photoaquation of chloride.

Introduction Photosubstitution reactions of low-spif complexes of the
) second and third row transition-metal elements follow the
The macrocyclic complexegans[RuCl(cyclam)L]" (cyclam “tuning” model of Ford*5 According to this model, initially
= 1,4,8,11-tetraazacyclotetradecanes=Lpyridine (py), 4-pi-  proposed to explain the photoreaction patterns of [RujMiR*

coline (4-pic), isonicotinamide (isn), or 4-acetylpyridine (4- complexes, the photosubstitution reactions originate from LF
acpy)) show some similarities and some striking differences excited states (LF*). Complexes with MLCT* and LF* as
from other analogous ruthenium(ll) ammines, especially the jowest energy excited states (LEES) are photosubstitutior
pentaammine$? The UV—-vis spectra of aqueous solutions of  reactive if the LEES is LF* in character and unreactive if the
these macrocyclic complexes display one visible range metal- | EES is MLCT*. Changes in the L ligand and/or solvent can
to-ligand charge-transfer (MLCT) absorption band, and UV alter the energy order of the excited states, and, thus, alter th
range intraligand (IL) bands, as their pentaammine an&logs. reactivity#5 The similar systemsis-[Ru(NHa)a(isn)L]2* 6 cis-
However, between these MLCT and IL bands there is, in the [Ru(NHs)sL 22", andtrans[Ru(NHz)4LL']2* 7 follow the tuning

isn and 4-acpy complexes with cyclam, a ligand-field (LF) band model and display photoaquation of L/, Lisn, and NH,

of lower intensity, which is not observed in the corresponding implying labilization of ligands along the y, andz axes. The
pentaammines$. The spectra of the py and 4-pic complexes do substitution of four ammines irans[Ru(NHz)sLL']2t by

not display this intermediate band which is possibly masked cyclam would restrict the photosubstitution to thaxis.

by the much more intense MLCT baAdThe MLCT energies Examination of the spectral data of low-spihaimine and
and RU'/Ru' reduction potentials of these macrocyclic com-  cyclam complexes without back-bonding, namely Cofléihd
plexes are similar to those of the corresponding [Ru{NE #* Rh(Il),%1 indicates that the LF strength of cyclam is similar

complexes with the same azine ligarfddn contrast to other
Ru(ll) ammine complexes, the chloride is substitution inert, (4) (a) Malouf, G.. Ford, P. CJ. Am. Chem. Sod977 99, 7213. (b)

while the azine is somewhat labile in these macrocyclic Malouf, G. Ph.D. Thesis. University of California, Santa Barbara, 1977.
complexe§_ (5) (a) Ford, P. C.; Petersen, J. D.; Hintze, RCBord. Chem. Re 1974

14, 67. (b) Ford, P. C.; Hintze, R. E.; Petersen, J.d@ncepts of
Inorganic PhotochemistryAdamson, A. W., Fleischauer, P. D., Ed.;

* To whom correspondence should be addressed. Fax: 55-16-633-8151. Wiley: New York, 1975; Chapter 5. (c) Ford, P. C.; Malouf, G.;

E-mail: ELTFOUNI@USP.BR. Petersen, J. D.; Durante, V. ACS Ad. Chem.1976 150, 187. (d)
TInstituto de Qimica de Sa Carlos, Universidade de"&#aulo. Ford, P. CACS Ad. Chem.1978 168 73. (e) Ford, P. CRev. Chem.
* Faculdade de Filosofia, Gieias e Letras de RibéwaPreto, Univer- Interm.1979 2, 267. (f) Ford, P. C.; Wink, D.; Dibenedetto,Brog.
sidade de SaPaulo. Inorg. Chem.1983 30, 213.
® Abstract published irAdvance ACS Abstractf)ecember 15, 1996. (6) Pavanin, L. A.; Rocha, Z. N.; Giesbrecht, E.; TfouniJitorg. Chem.
(1) Taken in part from: Silva, M. Master’s Dissertation. Instituto deida 1991 30, 2185.
e Qumica de Se Carlos, Universidade de”8#aulo, Se Carlos, (7) Tfouni, E.; Ford, P. Clnorg. Chem.198Q 19, 72.
SP, Brazil, 1993. (8) Lever, A. B. PInorganic Electronic Spectroscop#nd ed.; Elsevier:
(2) Silva, R. S.; Tfouni, ElInorg. Chem.1992 31, 3313. Amsterdam, 1984, and references therein.
(3) Silva, R. S.; Gambardella, M. T. P.; Santos, R. H. A,; Mann, B. E.; (9) Bounsall, E. J.; Koprich, S. RCan. J. Chem197Q 48, 1481 and
Tfouni, E. Inorg. Chim. Actal996 245 215. references therein.
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to that of four ammines. Irradiation of the similar complexes Table 1. Electronic Spectra and Quantum Yields for the
trans[Rh(cyclam)X]™ (X = CI~, or CN") with light corre- Photoaquation Reactions tins[RuCl(cyclam)(L)]" Complexes in
sponding to their LF* leads to interesting behavibr Phos- Aqueous Solutioh

phorescence was reported to occur for the cyanide complex, L Amadnm (€)° Air/OmM @ /1073¢
with the absence of photosubstitutibitwhereas the complex 4-pic 340 (350) (LF) 365 25+ 1
with chloride undergoes photoaquation of the anion without 390 (40009 404 21+3
emissiont!® This was explained in terms of the LF* electronic 436 20+ 2
configuration. Considering an approximédg, symmetry, the py 326 (450) (LFY 365 20+ 3
lowest energy LF* would be 8,4 excited state for the cyanide 405 (41009 404 16+ 1
complex, whereas for the chloride it would bé&,. Accord- 436 21+3
ingly, for cyanide, the d orbital is higher in energy than the 480 18+ 2
de—y2 and thus the LEES would involve population of the-gz isn 345 (600) (LF) 365 6+ 0.6
orbital, and then, in this case, it was expected that inhibition of 480 (6800) 480 5+05
the photosubstitution of the cyclic ligand would lead to the  4-acpy 350 (600) (L) 365 <1
enhancement of the phosphorescetiéeOn the other hand, 520 (53004 520 <1

for the chloro complex, the LEES hag dharacter, leading to 2 [Ru complex]= 1074 M; pH = 3.5-4.0 (adjusted with CfEOOH);

photosubstitution of the aniodd2 More recently, the photo-  temperature= 25.0+ 0.5 C; cell pathlengths: 1.0 or 2.0 cfMLCT
chemistry and photoluminescence of these and other cis andoands, except where notediverage of at least three independent
trans Rh(Il) complexes with related macrocycles were inves- determinations? Reference 2.

Flgated in mqre detait; the energy order of the LF excited Stgtes Oriel Model 8500 universal arc lamp source with an Oriel interference
in thetransdlcyano andrans-dichloro complex'eS agrees V}llth filter for monochromatization (band-pass10 nm), an infrared filter,
that previously reported, and the photophysical properties of and a thermostated cell holder. Photolyses were carried out in agueot
the luminescent complexes were studied in more d&ptfhus, solutions of~10"4 M Ru(ll) complex concentration at pH 3:3.0

in the somewhat similatrans[RuCl(cyclam)L]" complexes, (with CRsCOOH). Ferrioxalate actinometry was used for light intensity
the photochemical behavior may also give indication of the measurements at 365 and 404 nm and Reinecke ion actinometry we
electronic configuration of the LF* precursor of the photochem- used at 436, 480, and 520 nm. Solutions for photolyses and dark
istry. In addition, understanding of the properties of macrocyclic reactions were prepared and deaerated with purified argon in a chke
trans complexes, such as those reported here, can help to desigfsk® and transferred to the 2.0 cm path length quartz cells using ar
building blocks to synthesize linear oligomers and polymers for all glass apparatus. During photolysis, the solution was stirred by

ifi . | | hemist d photoch small magnetic bar in the cell. All photolyses were carried out at 25.0
SPECITIC purposes In supramolecular chemistry and photochem- g 3 ¢ = por spectrophotometric quantum yield determinations, the

ictry 13 , , i o ,
Istry. . o ) reactions under photolysis were monitored periodically by recording

In this paper, the photosubstitution reactions of the above- their Uv-vis spectra. Analogous reaction mixtures allowed to react
mentionedrans[RuCl(cyclam)L]" complexes in aqueous solu- in the dark, under the same conditions of the photolyzed solution,

tions are described. displayed either no observable or just negligible spectral changes, whicl
were taken into account for quantum yields calculations. Inner filter
Experimental Section effects were compensated and secondary photolysis was minimized b

. W . . limiting the extent of the reaction up to 10% and by extrapolating
Chemicals and Reagents."RuCl;:nH,0" (Aldrich or Strem) and = o0 yise quantum yields to 0% reactiSnA PM600 Analion digital
cyclam (Aldrich) were used for the Ricyclam complex synthesis.  ,meter was employed in the determinations of the pH changes
Cyclam (Aldrich) was recrystallized from chlorobenzene when needed. Analion CI-651-1S562 chloride-selective and Ag/AgC electrodes were
Pyridine (py) (Aldrich), 4-picoline (4-pic) (Aldrich), and 4-acetylpy-  gmpioved to verify and evaluate [Gichanges. The chloride electrode

ridine (4-a_cpy_) (AIQrich_) were di_stilled under reduped pressure before o4 cajibrated before each experiment against sodium chloride solution
use. Isonicotinamide (isn) (Aldrich) was recrystallized from hot water, of known concentrations.

after treatment with activated charcoal, before use. NafBs

recrystallized from hot water. Methanol, ethanol, and acetone were Resylts and Discussion

purified before usé Ether was purified as describédDoubly distilled ) o ]

water was used throughout this work. All other materials were reagent ~ Table 1 summarizes photosubstitution quantum yields anc

grade and were used without further purification. some relevant electronic spectral properties ottaes[RuCl-
Ruthenium Complexes Synthesestrans[RuCly(cyclam)]Cl and (cyclam)LT" complexes studied in this work.

trans[RuCl(cyclam)L]BF complexes (& py, 4-pic, 4-acpy, or isn) Irradiation of deaerated acidic (pd 4.0) aqueous solutions

were synthesized according to literature procedares. of trans[RuCl(cyclam)(4-pic)} and oftrans[RuCl(cyclam)-

Spectra. Electronic spectra were recorded at room temperature with (py)|+ at the irradiation wavelengths listed in Table 1, which
a HP8452A Hewlett-Packard or a 634S Varian recording spectropho- 5ra in the range of the MLCT band energy of each complex
tometer using quartz cells. leads to a decrease of the absorbance of the MLCT band of th

Photolysis Procedures.These are quite similar to previously . A . . -
described procedurés. Irradiations at 365, 404, 436, 480, and 520 Complex. This observathn Is consistent with aquation of the
L ligand (eq 1a), responsible for the MLCT band.

nm were carried out by using an Osram 150 W/l Xenon lamp in an

a N
(10) Skibsted, L. H.; Strauss, D.; Ford, P.I80rg. Chem1979 18, 3171 > rans-[RuCl(cyclam)(OH 1" + L

and references therein.
(11) (a) Miller, D. B.; Miller, P. K.; Kane-Maguire; N. A. Anorg. Chem. trans-[RuCl(cyclam)L]* _hv__| 6]
1983 22, 3831. (b) Kutal, C.; Adamson, A. Wnorg. Chem.1973 pH 4
12, 1454.
(12) McClure, L. J.; Ford, P. Cl. Phys. Chem1992 96, 6640. Lb_ trans-{Ru(OH)(eyclam)L12*+
(13) (a) Bignozzi, C. A.; Argazzi, R.; Chiorboli, C.; Scandola, F.; Brian
('Dt)geé}g';gzszﬁhgof&’?fhiﬁ% '\S"?ycerf{i;-t')%fl’ifgé(?fggi?@’;l.3% dleelﬁzl'\/l In addition to the decrease of the MLCT absorption, pH
T Scandolé, Flnor’g_ Chem 1089 28, 4350, ’(c) Coe: B.J. Me;,ery changes are observed which are consistent with the basicity @
T. J.; White, P. Slnorg. Chem.1995 34, 3600.
(14) Vogel, A. I. Quimica Organica: Andise organica qualitativa, 3rd (15) Petersen, J. D.; Watts, R. J.; Ford, PJCAm. Chem. Sod.976 98,
ed.; Livro Tecnico S. A.; Rio de Janeiro, Brazil, 1971; Vol. 1. 3188.
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12 have LF bands at low energy, probably lying around 400 nm.
a4 Considering that theans[RuCl(cyclam)L] complexes studied
i od show spectral features similar to those of their pentaammine
| analogs: and that the lowest energy LF band of [Ru(}#
o2 (OH1?" (Amax= 415 nm;e = 40 molt L cm~1)17is similart®
°*eT1 to that of [RU(NH)e]2" (Amax = 390 nm;e = 40 mol?! L
0.7 4 cm~1), 1719t is reasonable to assume a spectruntrfams[RuCl-
g 0.6 (cyclam)(OHy)]* similar to those of the aguapentaammine and
£ os- hexaaammine complexes and then neglect its absorbance at tt
5 0.4 wavelength when compared with the much more intense MLCT
o3 band of tharans[RuCl(cyclam)L]" complexesd > 4000 moi?
' L cm~1). With these assumptions, absorbance changes at thi
oz 1 wavelength were used to calculate quantum yields, which matcl
0. those calculated from pH changes.
200 300 w00 v o0 oo | 100 oo The isn and 4-acpy complexes were irragiated with light of
Wavelength/nm 365 or 480 nm and 365 or 520 nm, respectively (Table 1), and

Figure 1. Electronic spectra of a 1.2 10 M aqueous solutions of the photosubstitution reactions were monitored at 480 or 52
trans[RuCl(cyclam)(py)} at pH 4.0, adjusted with GEOOH, tem- nm, the MLCT _ba_nd maxima of the;e complexes, respectlve_ly.
perature 25+ 0.5 C, and 1.0 cm cell pathlength: (a) deaerated solution Observations similar to those described above were also notice
before photolysis; (b) blank nondeaerated solution (recorded after time for these complexes. The monitoring wavelengths (ML
spent for photolysis); (c) nondeaerated solution after photolysis. Table 1) in these last complexes are located far from the
the released azines, which can be protonated at the pH of theexpected bands farans[RuCl(cyclam)(OH)]*, and the spec-
irradiated solution. As a matter of fact, the azines are the only troscopic quantum yields are then more accurate.
ligands released and the only source for tptake (vide infra), Examination of Table 1 indicates that the 4-pic and py
allowing their determination by pH changes. These pH changescomplexes have photosubstitution quantum yields higher thar
were determined, taking into account thik.g of the azines,  those of the isn and 4-acpy complexes. In addition, the 4-pic
and used to check quantum yields, which match those calculatedand py complexes have irradiation wavelength independen
by spectrophotometry. Under these conditions, the limit of the quantum yields in the MLCT energy ranges studied. The 4-acp)
photoaquation quantum yields of the amines ix 2L073, as complex shows much lower quantum yields whether irradiated
calculated. with 365 nm, close to the LF band energy, or with 520 nm,
Aquation of chloride can not be followed spectrophotometri- close to the MLCT band energy. The isn complex displays
cally in these cases. Although the MLCT spectrum of the intermediate quantum yields at either 365 nm or 480 nm.
possible productirans[Ru' (OHy)(cyclam)L]", is not known, This photosubstitution pattern allows the classification of
it is not expected to be very different from that of the parent trans[RuCl(cyclam)(py)} andtrans[RuCl(cyclam)(4-pic)} as
compound, and thus, absorbance changes would not be a reliablghotosubstitution “reactive” complexes, at@ns[RuCl(cy-
measure of the photolysis reaction, as far as chloride aquationclam)(4-acpy)] as “unreactive”. This behavior follows closely
is concerned. However, examination of the irradiated and blank the photochemical pattern of the analogous ruthenium(ll)
solutions with the chloride selective electrode gave no indication pentaammines, i.e., there appears to be a crossover from
of chloride ion in solution, indicating that chloride is not being reactive to an unreactive complex, as the MLCT bands move
labilized, as far as the limit of detection of the electrode. The to the red with more electron-withdrawing substituents in the
calculated upper limit for the chloride photoaquation quantum pyridine ring; the crossover for the pentaammines is=a160
yield is 2 x 1073, nm, and [Ru(NH)s(isn)?" is classified as “unreactive”.
Oxidation of the complex to its Ru(lll) analog would also However, therans{RuCl(cyclam)(isn)f complex shows a sort
lead to bleaching of the MLCT absorption. Nondeaerated of intermediate behavior, although the quantum yields are clearly
solutions of these cyclam complexes display some changes inlower than those of the 4-pic and py complexes. This
their spectra after some time in the dark. Irradiation of freshly “intermediate” behavior may simply be indicating that the
prepared nondeaerated solutions of these complexes leads terossover in thérans[RuCl(cyclam)L]t is at lower energy than
marked changes in spectra, with appearance of several bandghat of the analogous pentaammines and that the cyclan
in the UV and visible ranges, as illustrated for thens[RuCl- complexes may have a LEES at lower energies, when compare
(cyclam)(py)]- complex (Figure 1), where bands in the neigh- with the analogous pentaammines. Therefore, the photoreac
borhood of 345 nm, with shoulders at 315 and 370 nm occur. tions of the present ruthenium(ll) cyclam complexes can be
Bands due to Ru(lIF-Cl ligand to metal charge transfer explained by the tuning modéf
(LMCT) transitions occur in the 315360 nm range for According to this model, the observed photosubstitution
complexes sucdht® as [RUCI(NH)s]?t, cis-[RUCL(NH3)4]™, should come from a LF* state. Initial excitation tdMLCT*
trans[RUClx(NH3)4]*, andtrans[RuCly(cyclam)}~. Thus, the state is followed by relatively efficient intersystem crossing/
absence of such bands during the photolysis of the deaeratednternal conversion to the lower energyF* in the reactive
solutions rules out the occurrence of ruthenium photooxidation. complexes, i.e., py and 4-pic complexes. For isn and 4-acp
Thus, taking in consideration the absence of chloride aquation complexes, the LEES should be of MLCT character, similar to
or ruthenium photooxidation, the decrease of absorbance of theanalogous pentaamming$320 The isn and 4-acpy cyclam
MLCT band upon irradiation can be assigned solely to the

(17) Matsubara, T.; Ford, P. org. Chem.1978 17, 1748.

photoaquation of L, according to eq la.
The spectral properties of the photoprodiictns[RuCl-
(cyclam)(OH)]* are not known. However, it is expected to

(16) Boggs, E. E.; Clarke, R. E.; Ford, P.I8org. Chim. Actal996 247,
129.

(18) Matsubara, T. Ph.D. Thesis. University of California, Santa Barbara,
1977.

(19) Matsubara, T,; Efrima, S.; Metiu, H. I.; Ford, P. £.Chem. Soc.,
Faraday Trans. 21978 75, 390.

(20) Winkler, J. R.; Netzel, T. L.; Creutz, C.; Sutin, Bl.Am. Chem. Soc.
1987 109, 2381.
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complexes, although having as LEESMLCT*, which is not On the other hand, chloride would be expected to be labile.
expected to undergo labilization, show some photoreactivity, However, the X-ray results farans[RuCl(cyclam)(4-acpy)]-
and the observed lower quantum yield values may reflect some(BF,4) indicate that the Ru(ll)-bonded chloride is hydrogen
higher energy LF* photoreactivity competitive with decay to bonded to two cyclam nitrogen hydrogehshich helped to
the lowest energyMLCT*. explain the thermal inertness of the chloride toward substitution
An interesting comparison can be made between the photo-reactions.® These hydrogenchloride bonds are still present
reactivity of the py and 4-pic complexes and the photochemical/ in dmso and acetone solutions, as shown by NMR re3ults.
photophysical behavior dfans[Rh(cyclam)X]*™ (X = CI-, Considering that a cooperative effect betweendonor chloride
or CN"). In these rhodium complexes, the LEES are LF in trans to az-acceptor ligand (L) was claimed to explain the
character. In the photosubstitution reactive chloro complex, the chloride inertness on other Ru(ll) systems, the authors alsc

dz orbital is lower in energy than thege-2 orbital, while in claimed a similar cooperative effect would be occurringéms-
the cyano complex their order is invert€d12 A similar, but [RuCl(cyclam)(4-acpy)](Bk), contributing, with the hydrogen
not identical situation occurs for titeans[RuCl(cyclam)L]" bonds, to the chloride inertnesdn addition, taking into account
complexes here described. that the LEES iSE, the chloride ligand in theseans[RuCl-

The d, orbitals in the present cyclam complexes are split not (cyclam)L]" complexes would also be expected to be photo-
only by the symmetry of the complex, but also by the different labilized (in other Ru(ll)-ammines, specificallgis-[Ru(NHs)4-

ligand field strength of the ligands. Considering—®u—L (isn)L]**),° while the ligand preferentially photolabilized is the
lying in the z axis, this would be the weaker LF axis, and the one with lower back-bonding ability. Since Cis a-donor
dz orbital would be lower in energy relative to the-¢ orbital. ligand, thertrans[RuCl(cyclam)L]" would be expected to show

This agrees with the photoreactivity observed. So, the reactivity CI~ photolabilization with higheg than py-X. Furthermore,
should come from a lower energyF* state which should have ~ since the LEES i$E, which involves depopulation ofigand
contribution from the d orbital. Considering an approximate 0y orbitals, involved inz bonding, and population of thezd
C4, symmetry for therans[RuCl(cyclam)L]" complexes, the orbital, which ise antibonding, then ligands in theaxis (CH
LEES should be &E, involving depopulation of the trbitals Ru—L) are expected to be labilized. Thus, the hydrogen bonds

d,and g, and population of the antibonding ¢ orbital. Thus, ~ Present in the ground state, may also be present in*he
labilization of py-X may come not only from A orbital res_p_ons_lble for the ob_served photochemistry, preventing the
population, but also possibly from depopulation gfatbitals labilization of the chloride.
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