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Abstract

The properties of cyclam, cyclen, and 1-(3-propylammonium) complexes of ruthenium(lI/lll), [Ru(macrocytle)ahd related species
are reviewed. L and’lare ligands such as chloro, aqua, hydroxo, nitriles, amides, imides, pyridines, and nitric oxide. These complexes display
similarities and differences with related complexes such as Ru(lll/ll) ammines, with which they are compared and discussed. The factors
responsible for the reactivity of the macrocyclic complexes include the macrocycle ring size, the metal oxidation state, and the properties
of L and L. Such factors are illustrated with relevant data and recent results concerning the synthesis, structure, electrochemistry, complex
reactivity, coordinated ligand reactivity, photochemistry, and electronic, infrared, and NMR spectral data for [Ru(macrog¥cle)LL
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

* Corresponding author. Tel.: +55 16 6023748; fax: +55 16 6338151, _Macrocyclic ligands have long been used for the sta-
E-mail addresseltfouni@usp.br (E. Tfouni). bility they impart to the complexes they form, due to
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the well-known substitution inerthess of most macro- release NO dondf0,15] The results that have already been
cyclic ligands [1]. One early reason that drove us to obtained withtrans[RuCI(NO)(cyclam)#*, including bio-
study tetraazamacrocyclic ligand complexes such as cyclamlogical studies, showed a rich potential for this class of com-
(1,4,8,11-tetraazacyclotetradecane) was curiosity regardingpoundg10,15,16]

the contribution such ligands would make to the models  To the best of our knowledge, studies of the reactivities of
of photochemical reactivity of ruthenium ammings-4]. co-ligands of tetraazamacrocyclic complexes has been lim-
Since the spectrochemical strength of cyclam is similar to ited to Cr and Co complexes of ethylenediamine, acetate, ni-
that of four ammonias, it was expected that its ruthenium trosyl and related ligand83—37] The only other co-ligands
complexes would be similar to the corresponding ruthe- that hadtheirreactivities with tetraazamacrocyclic complexes
nium tetraammines, but with the reactivity restricted to the studied are 4-cyanopyridine (4-NCpy) and its protonated
other two ligands, given the inertness of the macrocycle to- form, in trans[RuCl(cyclam)(4-NCpy)1l*, as well as their
wards substitution reactions. This proved to be only partly amides[38]. In the latter case, the coordinated amide dis-
true. The Ru(ll) cyclam complexes showed some differences plays an N-O amide linkage isomerization opposite to that
from and some similarities with the analogous Ru(ll) am- observed in the pentaammines and much smaller aquation
mines, especially the pentaammines, with regard to propertiesrates.

such as UV-vis spectra and reactivj®~6]. For instance, Although extensive investigations into the chemistry
the energies and reduction potentials of the metal to lig- and physical-chemistry of Co, Ni, Cr, Fe, Os, and
and charge transfer (MLCT) bands of [Ru(A)s(L)] %+ and Cu complexes with N-functionalized, and more recently
trans{RuCl(cyclam)(L)]" (L = pyridine derivative) are simi-  with C-functionalized, macrocycles have been carried out
lar, but the spectra of the cyclam complexes display an addi-[36,39—48] there are few reports on ruthenium complexes
tional absorption band between the MLCT and the UV bands, with these kinds of ligand®1,49-51] This non-exhaustive
which is not reported for the pentaammirj@s4,7]. Chlo- review reports the studies we have been carrying out with
ride is more rapidly lost from [RuCI(Ng)s]* (k=5s1) than ruthenium(ll) and ruthenium(lll) complexes with tetraaza-
fromtrans{RuCly(cyclam)] k=2.1x 10~2s~1), and loss of macrocyclic ligands such as cyclam, cyclen, and substituted
the second chloride occurs even more sloj@y More re- cyclam.

cently our interest in tetraazamacrocyclic complexes evolved

to the chemistry, photochemistry, and potential biological ap-

plications of ruthenium complexes with nitrogen oxides and 2 synthesis

the function of those complexes as nitric oxide (NO) donors

and scavenge(§—20} . . Ru(lll/Il) tetraazamacrocyclic complexes are usually
The discovery of the roles NO plays in several physio- synthesized asans[RuLL’(mac)]™ or cis-[RuLL’mac)]"™,
logical processes launched a spectacular increase in invesyhere L and I can be, for instance, €| Br—, |-, oxalato,

tigations on the subject, and stimulated interests involving scN-, trifluoromethanesulfonato (tfms), pyridine ligands
prospective transition metal complexes that could act ei- (py-X), 4-cyanopyridine (4-NCpy), 4-cyanopyridinium
ther as NO donors or NO scavengers for medical applica- (4-NCpyH"), 2,2-bypiridine (bpy), 1,10-phenanthroline
tions[21-28] In this context, ruthenium nitrosyl complexes (phen), NO, OH or H,0, and mac is a tetraazamacrocycle
were attractive. For instance, the reactivity of the coordi- gych as 1,4,7,10-tetraazacyclododecane (cyclen = 12aneN
nated NO, such as redox properties, rate of release, and nuj 4 7 10-tetraazacyclododecene (imcyclen), 1,4,8,11-tetra-
cleophilicity, can be modulated by the choice of the axial 5z5cyclotetradecane  (cyclam=14aagN 2,3-dimethyl-
ligand L in transRu(L)(NO)(A4)]™ (A4 =tetracoordinated  cyclam (2,3-dmc), 1,4,8,11-tetramethylcyclam (14-tmc), 1,4,
equatorial ligands), as has been shown for the tetraamminesg, 12-tetraazacyclopentadecane (15a)eNL,5,9,13-tetra-
[15,29-32] Again, although macrocyclic complexes bear 575cyclohexadecane (16angN1-(3-aminopropyl)cyclam
similarities with tetraammines, the different features of the (3.amprcy) Fig. 1) and its protonated form 1-(3-
macrocyclic complexes and the obse_rva_tion _tha_tra'ms_ propylammonium)cyclam (1-pramcy). Such complexes
[RuCI(L)(cyclam)]" only one (L) coordination site is avail-  can be obtained by several different routes, but their syn-

able for substitution reaction®,5] prompted us to study  iheses most usually start from [RuGhac)]Cl, followed by
these complexes with NO and related species. In addition, reqyction of the metal cent§2,6,8,38,51-62]

the nitrosyl tetraamine and tetraazamacrocyclic ruthenium

complexes are, in general, quite stable and water soluble,

two important features for clinical purposes. Moreover, the 2.1. The trans complexes

release of nitric oxide from such nitrosyl complexes can be

chemically, electrochemically or photochemically induced The general procedure to preparans[Ru(NHz)4L,]%*
[9,10,14,15,20,29-32]n fact, the rate of release of NO, af- involves reduction of trans[RuCl(NH3)4]* to trans
ter the reduction ofrans[RuCI(NO)(cyclam)f*, was lower [RuCl>(NH3)4], which rapidly releases both chlorides, to
than all the other tetraammine nitrosyls, offering the pos- form trans[Ru(NH3)4(H20)2]?* [63-66] In the presence
sibility for this complex to serve as a possible controlled- of an unsaturated ligand L, the latter species fotrags
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Fig. 1. Tetraazamacrocyclic ligands.
[RU(NH3)L2]** (Egs.(1)~(5)). trans-[RUCI(OHp)(mac)]" + Hz0
trans-[RUCK(NHa)a] T =5 trans-[RUCI(NH3),] 1) L2, trans-[Ru(OHp)p(mac)f* + CI- 8)
trans-[RUCR(NH3)4] + H20 This inertness has been assigned in part to the interactions
fast 4 _ of cyclam nitrogen hydrogen atoms with the chloro ligands
— trans-[RUCI(NH3)4(OH2)] ™ + CI ) [2,8]. In this case, substitution of the nitrogen hydrogens
trans-[RUCI(NH3)4(OHo)]t + Ho0 would lead to more labile chlorides. Indeed, substitution of
fast one or four nitrogen hydrogens of cyclam by methyl groups
) 24 _ . . . 1l
— trans-[RU(NHz)4(OH),]“" + Cl 3) results in facile loss of chloride fronrans[Ru'Clx(1-
trans-[RU(NH3)4(OH2),]2+ + L pramcy)] [51] and trans[Ru'" Clp(14-tmc)] [56,61] The
difference in the rates of loss of the chlorides in the cy-
N trans-[RU(NHz)4(OH2)(L)]%* + H20 (4) clam complex is enough to allow the synthesisti@ns-
[RuUCI(L)(cyclam)[** (Eq. (9)) [2,6,38]
trans-[RU(NH3)4(OH2)(L)]* + L trans-[RUCI(OHp)(mac)]F + L
k
—2 trans-[RU(NHz)4(L)]*" + H20 (5) 5, trans-[RuCl(mac)(L)]" + H20 (9)

However, the use dfans[RuC1ly(cyclam)]Cl to formtrans-
[RuLz(cyclam)]*™ is not as straightforwari®,6,38] The two

As a matter of fact, in order to dissociate the
second chloride, the first syntheses required repeated

chloro ligands are relatively inert to substitution and dissoci- digestions, using Af and heating [6]. Later, the
ate with discernible rates after reduction of the metal center synthesis otrans[Ru"' CI(tfms)(cyclam)](tfims) andrans

(Egs.(6)H8)).
trans-[RUCkL(mac)]" X5 trans-[RuCl(mac)] (6)
trans-[RuClk(mac)]+ H20

M, trans-[RUCI(OHp)(mac)]" + CI— @)

[Ru (tfms)y(cyclam)](tfms) was reportef$2], allowing an
alternative to the synthesis of mono- and di-substututed
trans-cyclam complexes, because of the higher lability of
tfms.

Basically, the nitrosyl complexes can be obtained by
three methods. One involves reaction of[Ru(NO)Ck]
with the macrocycle, such as cyclaifl0] to pro-
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duce trans[RuCI(NO)(cyclam)}*. Another involves the  imcyclenatpH > 73], andcis-[Ru" (NO*)(L)(imcyclen)]™*
passage of NO through solutions of Ru(lll) dichid&D], (L=CI~, OH") [14,74] Attempts to synthesize other cyclen
Ru(lll) chloro(trifluoromethanesulphonatf®O], or Ru(lll) and imcyclen complexes are currently being carried out in
chloroaqua macrocyclic complexgst]. The third uses the  our laboratories.

reaction between the reduced species and nitrite, in acidic

medium [20]. All the reported complexes with cyanopy-

ridines and cyanopyridinium are nitrile-bonded, despite the 3. Infrared spectra

fact that pyridine-bonded complexes would be expected to

be more thermodynamically favoré#,38]. In these cases, Infrared spectra can be used to differentiate between
presumably, as occurs for ruthenium ammif@s-70] the andtransgeometries, by comparison with analogous cobalt,
formation reactions are kinetically controlled. iron, and chromium complexes. The 900-750¢megion,
which displays bands relative to the macrocycleHCand
2.2. The cis complexes secondary amines-MH vibrations, is used for this purpose

[57]. The spectral profile in this region is independent of

The [Ru(L)(L')(mac)] complexes can existin twoisomeric  Other ligands as well as the metal center and its oxidation
forms, cis andtrans The cis configuration is formed with ~ State, and depends only on the complex configuration. The
the 12anely macrocycle52], while 15aney and 16anedl  transcomplexes display two groups of bands, one with two
complexes haveansgeometry[8]. The 14anedmacrocy-  Peaks near-900 cnm ! and the other one around 800ch
cle [8,51,55,58,60,71forms complexes with both configu- ~ The less symmetricalis complexes show two bands in the
rations as observed by IR and NMR Spectroscot@m] ~790-830 le region,WhiCh are due to the-El vibrations
and X-ray molecular structur§s,8,55} To the best of our ~ and three bands in the900-840cm region, due to the
knowledge, there are no reports of ruthenium 13anehin- ~ amine vibrationg57]. The IR spectra are very helpful not
plexes. Unlikarans{RuClx(cyclam)[*, only di-substitution ~ only in this respect, but also for monitoring reactivity and
is reported for thesis species, because of the higher rates Serving as an analytical tool in other regions.
of chloride losg55,71] When reduced in aqueous solution, ~ The macrocycle can undergo oxidative dehydrogena-
thecis-[Ru" Cla(mac)]" (mac = cyclam or cyclen) complexes  tion to the corresponding imine, which can be detected
release two chlorides and fornis.[Ru”(OHz)z(maC)]z"" thrOUgh the C=N vibration in the 1650—1500_Ch'|regi0n.
which in the presence of L formS_[Ru” (L)z(mac)]Z+ (Eqs This is the case with 5,5,7,12,12,14-hexamethy|'1,4,8,1l'

(10)«13)) [65,71,72] tetraazacyclotetradeca-1,3,8,10-tetraene rutheniufd@l)
(ve=n=1622 cnml) and both conformational isomersai$-
cis-[RUCh(mac)]" 2> cis-[RUCk(mac)] (10)  [Ru(NO)Cl(imcyclen)f* (vc=n= 1612 cnt?) [14], which is
consistent with the formation of imine in these cases, and in
L agreement with NMR results.
cis-[RuCk(mac)]+ Hz0 Coordinated nitriles can be easily detected near
N cis-[RUCI(OHy)(mac)]" + CI~ (11) 2200 cntt, and when they are hydrolysed, tigy stretching
frequency disappears and bands in the amide region appear.
cis-[RUCI(OHp)(mac)]" + H,O The IR spectra of the nitrosyl complexes show NO stretch-
[ B ing frequencies between 1800 and 2000 émcompati-
—2> cis-[Ru(OHp),(mac)f* + Cl 12) ble with a nitrosonium character (N®for the NO ligand

. [10,14,15,20] These frequencies were correlated to the prop-
cis-[Ru(mac)(OR)]*" + nl erties of the coordiznated NO in ruthenium ammirnteans
kL 2+ [Ru(NH3)4(L)(NO)]“*[15]. Alinear correlation between this
— cisRumac(L)]™ + 2H,0 (13) frequency and the reduction potential of the coordinated NO
All Ru(lll) and Ru(ll) cyclam and cyclen complexes are oxide in these complexes was establisfigsl. Frequently,
stable in aprotic solvents, or in acidic medium. At high in spectra recorded from Nujol mulls or KBr pellets, the
pH, the macrocycle may undergo an oxidative dehydrogena-NO stretching absorption appears as two or more peaks or
tion [14,59], and Ru(lll) complexes may disproportionate to with one peak with one or two shoulders. This feature has
Ru(ll) and oxo Ru(lV) complexef0]. Most importantly, been assigned to solid-state effe(29]. As a matter of
attempts to synthesizeis-[Ru' (NO*)(H.0)(cyclen)] re- fact, at least for the several complexes that we have exam-
sulted in an analogous unsaturated cyclen (imcyclen) com-ined, recent results of IR spectra of solutions of the nitro-
plex, cis-[Ru' (NO*)(H20)(imcyclen)l [14]. Furthermore, syl complexes show only one peak in the 1850-1950tm
the synthesis resulted in two conformational isomers, which region, with small changes in the frequency if compared
were separated in aqueous solution by HPLC and charac-to the solid state. Theno absorption of the cyclam com-
terized by NMR spectroscofi§4]. Two conformational iso-  plex, trans[RuCI(NO)(cyclam)¥*, appears at 1889 cm in
mers were also observed fus-[Ru'' (cyclen)(L)F* (L = bpy, acetonitrile Fig. 2), but is shifted to 1899 cm! in aque-
phen) cis-[Ru" (cyclen)(4-NCpyH)]**, whose cyclenforms  ous solution, indicating a solvent dependence forithe
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Fig. 2. Infrared spectral changes following the controlled poten-
tial electrolysis of 2.5 102molL~! trans[RuCI(NO)(cyclam)f* in
acetonitrile/TBA(PE), at—0.5V vs. Ag,T=25°C.

trans-[RU" (OHp)(cyclam)(N)] >
8 trans-[Ru" (OH)(NO)(cyclam)[* 17)

trans-[RU" (OH,)(NO*)(cyclam)[
— trans-[Ru" (OH)(NO)(cyclam)f ™ + H* (18)

The IR spectra of the reduced cyclam species in acetoni-
trile also display a small shift in theno. According to
electrochemical data, chloride loss is not observed in ace-
tonitrile on the time scale of the experiments, and, thus only
reduction oftrans[RuCI(NO)(cyclam)#* is observed10].
However, IR monitoring of the non-exhaustive controlled po-
tential electrolysis of the nitrosyl cyclam complex, to reduce
the NO' to NO, shows the disappearance of the peak at
1889 cnt! and appearance of a peak at 1830 ¢which

in acetonitrile and under a reductive potential should de-

stretching frequency. Thus, an even better correlation of the note coordinated NO itrans[RuCl(cyclam)(NO)T (Fig. 2.

vNo Stretching frequencies with reduction potentials could

Recent similar experiments from our laboratories showed

possibly be established with IR data obtained in the sameshifts of the nitrosyl frequency on the order of 55T
medium as the potential. The substituted cyclam displays thefor trans[Ru'' (NO®)CI(1-(3-propylammonium)cyclamij}

vno absorption band at 1864 crhin aqueous solutiof75],
while trans[RUCI(NO)(15aneM)]?* is reported to have an
vNo at 1860 cmit in KBr pellet [20].

The coordinated NO nitrosonium of trans
[Ru(L)(NO)(A4)]"* can be reduced to coordinated NO
followed by reactions that eventually result in release of NO
with rate constants that depend on the other liggi&$.
Reduction oftrans[RuCI(NO)(cyclam)f* in aqueous solu-
tion is first followed by fast chloride loss, to form the easily
oxidized aqua speciestrans[Ru(OHy)(cyclam)(NO)F*,
from which NO is released at a much lower rate (Egs.
(14)+16)) [10]. The rate of NO release is slow enough
to allow the identification of the coordinated NO by EPR
[17]. Upon reduction with E&f, vno shifts from 1885
to 1855cnT?® in KBr pellet [10]. In many other systems,
the NO' to NO shifts is reported to be on the order of
300cnt! [28,76-78] Thus, the IR data are consistent
with the formation oftrans[Ru(OH)(NO)(cyclam)}* (Egs.
(17) and (18)). However, the EPR results with the same
reducing agent are consistent with a coordinated® N®
fact, smaller NO to NO shifts have been assigned recently
to the coordinated N(Qr9,80]

trans-[RU" CI(NO*)(cyclam)f ™
€ trans-[Ru" Cl(cyclam)(N)] (14)

trans-[Ru' Cl(cyclam)(NO)] ™ + Ho0

K, rans-RU" (OHp)(cyclam)(NS) 2T +CI-  (15)

trans-[Ru" (OHp)(cyclam)(N)]*" + H,0

2, trans-[Ru" (OHp),(cyclam)f ™ + NOP (16)

and trans[Ru' (NO®)(NH3)4(L)]?* (L =4-phenylpyridine,
4-acetylpyridine, and pyridine). This small shift is similar
to those recently reported and also assigned to the coordi-
nated NO[79,80] Considering that for many other systems
the coordinated NO is reported to fall as far as 1600tm
we are investigating the origin of this apparent discrepancy.
Remarkably, the imcyclen complexes show two confor-
mational isomers, with differentyo stretching frequencies
at 1898 cm? for thecis-syn-syncomplex and at 1857 cni
for thecis-syn-antiin aqueous solutiof14]. One of the pos-
sible reasons for this difference is that one of the isomers,
cis-syn-syn has one of the hydrogens pointed directly to the
NO group.

4. Electronic spectra and photochemistry
4.1. Electronic spectra of Ru(lll) complexes

The UV-vis spectral data for sonteans-Ru(lll) com-
plexes with cyclam and related species are showlabie 1,
while those of thecis complexes are iffable 2

The UV-vis spectra of the Ru(lll) complexes,
[Ru(L)(L")(mac)]™*, are similar to those of [Ruglen)]*
and [RuCh(NH3)4]* and show bands below 400 nm. Most
of these bands are assigned as ligand to metal charge
transfer (LMCT), and their origin is dependent on the
nature of the L ligands, such asTGIOH™, OHp, N-amide,
N-imide, N-amido, andO-amide, orO-amido [38,87—-89]
The complexes with pyridine rings also display intra-ligand
(IL) (—") bands below 300 nm.

The trans-dichloro complexes show two LMCT bands,
while thecis complexes display three. The number of bands
and their energies have been assigned earlier to arise from
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Table 1

UV-vis spectral data for sonteansRu(lll) cyclam and related specfes

Complex Amax (NM) (loge) Ref.
trans-[RuCly(cyclam)f 358 (3.41), 315 (3.10) [8]
trans[RuClp(14-tmc)[® 370, 320 [61]
trans[RuClp(1-pramcy)f* 358 (3.59), 330 sh (3.32) [51]
trans[RuClp(NH3)4)1* 331 (3.70), 295 sh (2.84) [81]
trans[RuCly(en)]* 343 (3.58), 292 sh (2.90) [82]
trans[RuCI(OH,)(cyclam)P*c 358 (3.07), 338 sh (2.60), 270 sh (2.88) [51]
trans[Ru(OH,)2(cyclam)f*d 320 (0.38), 240 sh [6]
trans[Ru(OH)(OH)(cyclam)B+e 305 (2.6), 255 (1.1) [6]
trans[RUCI(OH)(cyclam)f®f 358, 328 sh, 265 sh [51]
trans[RUCI(OH,)(1-pramey)F*° 356 (3.47), 320 sh (3.15), 266 sh (2.95) [51]
trans[RUCI(OH)(1-pramcy)f*0:f 356, 315 sh, 256 sh [51]
trans{RuCl(cyclam)(NHCO-4pyHY}* 376 (3.56), 320 (3.37), 260 (3.71), 212 (3.66) [38]
trans{RuCl(cyclam)(NHCO-4py)]®-f 391 (3.42), 306 (3.44), 266 [38]
trans{RuCl(cyclam)(OCNH-4py)]?*0-9 345sh (3.52), 299 (3.49), 260 [38]
[Ru(NHz)s(NHCO-4py)P*e 384 (3.57), 262 (3.71), 228 (3.61) [83]
[Ru(NHg)s(NHCO-4pyH)F* 358 (3.67) [84]

sh: shoulder.
2 |In 0.1 M HCI solution, except where noted.
b Data obtained from the reaction solution.
CInCRSOsHatpH=1.
4 In CRsSOsH at pH=0.
€ AtpH=7.4.
f 0.1 M acetic acid/acetate buffer, pH = 4.65.
9 At pH 8.7 with NaOH.

distortions resulting from hydrogen to chloro interactions, field (LF) transitions may be contributing to the others. For
ring size effects, and symmetry lowerif§55). However, the theciscomplexes, however, three LMCT bands are reported,
transchloroaqua and chlorohydroxo complexes display three except forcis-[RuCI(OH)(cyclen)}, which displays a broad
bands. The lower energy one is assigned as LMCT, while the band at 360 nm with a shoulder at 300 nm. Presumably, as in
origins of the other two are still unclear, although one of them the case of théransisomers, LF transitions could be con-
should be due to LMCT. At pH 0, theans-diaqua cyclam  tributing to the absorptions of higher energy, considering the
complex shows one absorption band at 320 nm with a shoul- blue shift of the LF bands in going frotmansto cis in the

der at 240nm. Such bands are shifted to 305 and 255 nmanalogous Rh(lll) complexes.

in the hydroxoaqua complex at pH 7.4. Analogous Rh(lll)

complexes, [RhGlcyclam)T', [RhCI(H.0)(cyclam)E*, and .

[Rh(H20)(cyclam)P* show LF bands in the-400—250 nm 4.2. Electronic spectra of Ru(ll) complexes

region[90], with thecis complexes with higher energies than
the correspondingransisomers. There is a shift to higher
energies when one goes framans-dichloro to diaqua, hy-
droxoaqua, and dihydroxo Rh(lll) cyclam complexes. This
behavior is also observed in the Ru(lll) complexes. Thus,
considering that only the lower energy band in trens
Ru(lll) complexes is not being shifted, it is reasonable to
assume that the lower energy band is LMCT and that ligand

The UV-vis spectral data of sonrans-Ru(ll) complexes
with cyclam and related species are showiable 3

The ruthenium(ll) complexegrans[Ru(L)(L")(mac)"*
(L=py-X, 4-NCpy, 4-NCpyH or benzonitrile (bzn),
and L'=4-NCpy, 4-NCpyH, bzn, CI, or H0),
have UV-vis spectra similar to analogous ammines
[2,4,6,38,63,64,67,91,96,97specially the pentaammines,
but with an additional band. Excluding the NO complexes,
the strong absorption bands of the ruthenium(ll) complexes

Table 2 _ _ with pyridines, 4-NCpy, 4-NCpyH and bzn in the UV
UV-vis data for someis-Ru(lll) cyclam complexes and related speéies region are similar in intensity and position to bands observed
Complex Amax (M) (loge) Ref. in the spectra of the free ligands and were assigned as IL,
cis-[RuClp(cyclam)f 380 (3.03), 336 (3.17), 276 (2.98) [57] m—" in character. The electronic spectra of these complexes
Ci&{Rug:igyjl(en)]l*b " 228 55-29;, zgg (3;]-45), 290 (3.50) {52 are dominated in the visible region by one intense absorption
cis-[Ru H)(cyclen .65), S 5 ; ; ;

cis [RUCH(NHa)]* 352 (3.21) 310 (3.14), 262 (2.80) [85] b?n.d,.?ss%ned as ML_CT, |n|analogy tcr)] sp_ectral ass_|gnments
cis-[RUCh(en)]* 354 (3.24), 314 (3.15), 269 (2.95) [86] of similar absorptions in analogous ruthenium ammine com-
sh- shoulder. plexes[4,63,67] For the pyridine derivatives, this transition

a |n 0.1 M HCI solution, except where noted. is_ highly sensitive_to the substituent_s on th_e aromatic ring
b In 6 M HCI solution. with a decrease in band energy with an increase of the
¢ In 0.1 M acetic acid/acetate buffer, pH=4.65. electron withdrawing nature of the substitugh63,67] As
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Table 3
UV-vis spectral data for sonteansRu(ll) cyclam and related specfes
Complex Amax (NM) (loge) Ref.
trans-[RuCl(cyclam)(py)f 405 (3.61), 326 (2.65), 245(3.54) [2]
[Ru(NHz)s(py)]?* 407 (3.89), 244 (3.66) [91]
trans-[RuCl(cyclam)(4-pic)t 390 (3.60), 340 (2.54), 244 (3.52) [2]
[Ru(NHz)s(4-pic)?* 397 (3.89), 244 (3.66) [92]
trans-[RuCl(cyclam)(isn)] 480 (3.83), 345 (2.78), 255 (3.70) [2]
[Ru(NH3)s(isn)?* 479 (4.06), 260 (3.66) [91]
trans-[RuCl(cyclam)(4-acpy)] 520 (3.72), 350 (2.78), 270 (3.32) [2]
[Ru(NH3)s(4-acpy)f* 523 (3.97), 271 (3.53), 223 (3.76) [92]
trans{Ru(NHz)4(4-acpy}]?* 532 (4.32), 383 (3.27), 270 (3.80), 21 (4.18) [63]
trans{Ru(NHz)4(py)(4-acpy)f* 508 (4.21), 366 (3.48), 271 (3.56), 247 (3.78), 21 (3.91) [64]
trans-[RuCl(cyclam)(4-NCpy)} 440 (4.04)~360 sh, 262 (4.18), 218 (4.04) [38]
[Ru(NH3)s5(4-NCpy)F* 425 (3.73), 253 (3.95) [93]
trans[Ru(4-NCpyH)Cl(cyclam)f*? 548 (4.20)~360 sh, 270 (4.22), 212 (4.09) [38]
[Ru(NH3)s5(4-NCpyH)E* 532 (3.91), 260 (3.93) [93]
trans{RuCl(cyclam)(NH.CO-4pyH) {0 550, 357, 256 [38]
trans{RuCl(cyclam)(OCNH-4pyH)[Z+0:¢ ~495 sh, 357, 312, 260, 228 [38]
Ru(NHs)s(NHCO-4py)f+d 475 [94]
trans[Ru(NO*)Cl(cyclam)f* 435 (1.73), 352 (2.28), 262 (3.40) [10]
trans-[Ru(H20)(cyclam)(NO)I® 330 [10]
trans[Ru'' (NO*)CI(1-pramcy)F* 455 (1.95), 360 (2.60), 272 (3.49) [95]
trans-[Ru(NGO)Cl(15aneN)]%*f 352 (3.38), 268 (3.64) [20]
sh: shoulder.

@ In aqueous solution, except where noted.

bIn0.1MHCI, pH=1.

¢ Data obtained from the reaction solution.

4 In phosphate buffer, pH=11,=0.1 M CRSG;.

€ In CF3CO,H at pH =1, reduction with E&f.

fiIn2MHCl.
for the nitrile bonded ammine complexes [Ru(B)5(NC- relatively large molar absorptivity of this band, theoretical

py)]?* (NC-py=2-, 3-, or 4-cyanopyridine), protonation calculations and more experimental investigations should
of the coordinated pyridine nitrogen in the nitrile bonded be performed to confirm the assignment. Although similar
cyanopyridine complexrans[RuCl(4-NCpyH)(cyclamy* to the pentaammines, the [RuCl(L)(cyclai)omplexes
(PKa=3.5)[6] forms the corresponding 4-cyanopyridinium are trans complexes, and, at least conceivably, there may
complex with a shift of the MLCT band to lower energy, be a contribution from MLCT transitions, as in tliens
from 440 to 548 nnfi6,38]. The energy of this band is solvent ammines, and which may also involve other sources as
dependent in the case of py-X, as is expected for a MLCT spin-orbit coupling effect§99]. The O- andN-amide coor-
transition, and as for the Ru(ll) ammines, the higher the dinated complexes dfans[RuCI(NH2COpyH)(cyclam)§*
solvent donor number, the lower the energy of the Hark]. display a MLCT band at 495 and 550 nm, respectively, just
Interestingly, complexes with unsaturated ligands, such aslike [Ru(NHz)s(NHCOpy)[", which displays a MLCT band
pyridines and cyanopyridines, display a third band in the at 475nm[88]. Although these energy shifts are small if
326-350 nm region. The energy of such band is rather sol-compared with the pentaammine, they are consistent with
vent insensitive, and it has been assigned to a LF transition,protonation of the ligand.

although its molar absorptivity is relatively large for such a The spectra of the NO macrocyclic complexes have been
transition[2,5,6,38] The high-energy bands of complexes assigned by analogy to those of similar ruthenium tetraam-
such astrans[RuCl(L)(cyclam)]"* (L=py and 4-picoline mine nitrosyl415,100] which in contrast to analogous ruthe-
(4-pic)) bury this LF band, whose energy was calculated by nium(ll) ammines with unsaturated ligands, do not display
deconvolution of the specti@]. Interestingly, the UV-vis intense MLCT bands in the visible range. In thrans
spectra of sometrans[Ru'' (NH3)4(L)(L))]™ complexes nitrosyl complexes there is a relatively intense band in the
display a similar pattern, which consists of a relatively 260-280 nm region, whose assignment requires clarification
intense low energy band, along with a much less intense by theoretical calculations.

higher energy band4,63,64] The higher energy band is The bands at 350—-360 nm are assigned to two transitions,
much weaker when L ='Land was assigned as a forbidden a LF transition and a,dy, Ru— w"NO MLCT transition.
MLCT, consistent with simple MO model calculations The bands at 455 and 435nm are assigned toa-yf
[63,64,98] The fact that macrocyclic ligands display rather Ru— ' NO MLCT transition. This latter band should be
solvent insensitive bands in the 320-360 nm region is more much weaker for 15anef\ since it was not observed at
consistent with the LF assignmef2f. However, giving the concentrations lower thanx2 10-3 mol L~1. The calculated
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TD-DFT spectra of some ruthenium ammine nitrosyl com- and show photochemical reactions similar to those of analo-
plexes indicate the existence of 7-10 transitions, dependinggous ammines, which have low-lying LF and MLCT states of
on the ligand Ltransto NO [100]. However, only three ab-  similar energy[3,4,92,101,102]The tuning model predicts
sorptions are observed in the spectra. So, more transitiondarger quantum yields for photosubstitution reactions in the
could be contributing to the reported absorptions. case of the complexes that have LF states of lower energy

The reduction ofrans[RuCI(NO)(cyclam)f* with EL?*, [4,7,101-103] The py and 4-pic cyclam complexes undergo
in agueous solution, was monitored by UV—vis spectroscopy. L aquation (Eq(19)),
An initial disappearance of the 352 nm band was observed,
followed by the appearance of an absorption at 330 nm, which trans-[RuCIL(cyclam)]"

+

should be ofrans[Ru(H.0)(cyclam)(NO)¥* (Egs.(14)and v, trans-[RUCI(OHp)(cyclam)]* + L (19)
(15)) [20]. H20

The UV-vis spectral data faris-Ru(ll) complexes with . . .
cyclam and related complexes are showfable 4 Were classified 25 nreacive on he bagi of theif quanm

i Il nint+

The Ru(ll) complexescis Ru” (NHa)a(L)(LO™ (L or yields. No chloride photoaquation was observed, and this was
claimed to be due to the hydrogen bond interactions between
N—H proton and the chloro ligand, which hinder dissociation

L’ =pyridine, 4-picoline, isn, 4-acpy,.pp,H*) invariably
display two MLCT bands in the visible region of their
i::_([:gﬁm zﬁng)e(it)gi I:]I:clj c;(éraﬁ(,a%l/)(/:l g:? Ea:sgp;//\,/ |tgy:che [3.4]. Alsp, the results indicated that thez dbrbital should
4NCpy) complexes, which exhibit one or two MLCT bands 2€ lowerinenergy thanel_ 2. In trans[M(CN)z(cyclam)["

in the 300-600 nm regiof65,72} Thecis[Ru' (cyclen)d- (M =Rh. Cr), there is a strong orbital splitting, with a reversal
NCpyH):]** complex displays only one bafit2]. However, in orbital order, with the ¢ higher in energy with respect to

this large band may in fact consist of two overlapping bands dxz,yz,withaconsequent reversal in photochemical behavior

that are close in energy. As for tt&ns macrocyclic com- with respect to othe.r weak field ligan{{s04-106] The Rh.
plexes, bands in the <290 nm region are due to internal lig- and Cr cyclam. cyamde'complexe.s are photochemlcally mert
andw— " transitions, which are commonly observed for but photophysically active. Thus, it would be very interesting

Ru complexes containing N heterocycles LF bands appear jn{ €xamine th_e Ru c_yclam compl_exes with_strong field ligands
the 300-400 nm region or are probably contributing to higher such as cyanide, triethylphosphite, sulphite, where the order
energy MLCT bands reversal of the orbitals ofygparentage would be expected to
The spectra of theis NO complexes were assigned oc?ruhr. R | RUCI NO)P*
similarly to those of thetrans complexes. The bands at € u complexes  trans[RuCl(mac)(NO)

~360nm are assigned to two transitions, one LF, and one(T?jC:%CII'art ofr3 1126‘2?2] relgaésss NOO gv;hle& ilr_rlf‘di'
dyzyz Ru— 7'NO MLCT. The bands at-460nm are as-  2.c0 With Tignt y 934, an nf20,95,107] like

y o other ruthenium nitrosyl complexes, especiallsans
signed to a LF and d,2_,2Ru— «*NO MLCT transition 3+
[14]. In these complexes, there is a relatively intense band [Ru(NHz)a(L)(NO)I"" [4,9,15] The former co+mplexes lead
at wavelengths <300 nm that was not assigidd, and may to' the correspondlnga.ns[RuCI(HZO)(mac)]? (Eq. (20),
possibly belong to more than one transition; a theoretical cal- without chloride aquation.
culation should be done in order to make this assignment and

ol + +
confirm the others. trans-[RU"CI(NO) (cyclam)]2

H"—>”O trans-[RUM CI(OHy)(cyclam)f ™ + NOP (20)
4.3. Photochemistry of Ru(ll) complexes 2
The quantum vyields of NO release fromrans

The Ru(ll) trans[RuCl(L)(cyclam)]" (L = py, 4-pic, isn, [Ru(NHz)4(L)(NO)]3* vary from 0.03 for N-imidazol
or 4-acpy) complexes follow the tuning mo¢92,101,102] to 0.3 for the strongtrans labilizing triethylphosphite

Table 4

UV-vis data for someis Ru(Il) cyclam complexes and related spegies

Complex Amax (Nm) (loge) Ref.
cis-[Ru(cyclam)(py]?* 378 (4.10), 340 (3.70), 245 (3.99) [55]
cis-[Ru(cyclam)(bpy)}* 504 (3.66), 359 (3.81), 294 (4.12), 243 (4.00) [55]
cis-[Ru(cyclen)(bpy)F*® 516 (3.44), 380 (3.56), 344 (3.56), 292 (4.29), 243 (3.98) [72]
cis-[Ru(cyclen)(4-NCpyj]2*° 380 (3.94), 254 (4.12), 211 (4.24) [72]
cis-syn-syn[Ru(NO)Cl(imcyclen)f*c 463 (1.78), 361 (2.46) [14]
cis-syn-anti-[Ru(NO)Cl(imcyclen)f*¢ 460 (1.72), 358 (2.43) [14]
sh: shoulder.

@ In aqueous solution, except where noted.
b |n 0.1 M HClI solution, pH=1.
¢ In 6 M HCl solution.
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[4,9,15] As for the ruthenium ammine nitrosyls, the distances, probably because of the macrocycle constraint
observed photochemical reaction should come from the Ru(Table 3. In the NO complex, the RtCl interatomic dis-
dxzyz— NO 7 MLCT state. The quantum yield of NO re- tance is shorter than in the corresponding 4-acpy complex,
lease is on the order of 0.1 for the cyclam comgi&x 107] and is even shorter than in the dichloro complex. It should
This value is close to those tfans[Ru(NHz)4(L)(NO)]3* be noted, however, that the electron-attracting ability of the
[4,9,15] (L=pyridine derivative), and also close to those nitrosyl ligand, intrans[Ru(NO*)(L)(A)4]%*, increase the
in cis[Ru(bpy(L)(NO)I3* (L=py, 4-pic, 4-acpy)[12]. acidity of thetransligand for values even slightly larger than
However, a larger quantum yield value for 15agghln in Ru(lll) complexes (consistent with E¢L8)) [10,15,111]
the order of 0.6, was reportd@0], which is larger than  as predicted by Taudd12]. For instance, thek, of trans
that of trans[Ru(NHs)4(P(OEtg)(NO)]3*. Although the [Ru(NO")(H20)(cyclam)f* is ~3.0, one order of magnitude
reactivity of ruthenium tetraazamacrocyclic complexes is lower than that of [Ru(NH)s(H20)]3*, which is 4.1[111].
dependent on the ring size, studies on the photochemicalThus, this would explain that shorter distance. Finally, the
release of NO from other tetraazamacrocyclic systems areRu—NO interatomic distance is in the range of the distances
under investigation in our laboratories in order to explain obtained for other ruthenium nitrosyl complexes. It should
the difference in these values and evaluate their potentialalso be noted that, with mpz, considered an organic equiva-
application. lent of NO[113]. The Ru-N distance (1.9§\) is longer than
that of Ru-NO (1.7—1.85\), although it is much shorter than
other Ru-N distances.

5. X-ray molecular structure
6. Electrochemical data

The X-ray molecular structure oftrans[RuCl
(cyclam)]Br shows significant interactions between ni- The R#*2* reduction potentials for Ru cyclam complexes
trogen hydrogens and both chloro ligands. Such interactionsand related species are collectedlable § along with po-
were used to support the substitution inertness of the chlorotentials referring to the Nt processes.
ligands after reduction of the ruthenium(lll) center. These  Examination of Table 6 shows that the reduction po-
interactions are also present in the cyclam complexestential (R#*2*) of trans[RuCl(cyclam)]' is similar to
with NO and 4-acetylpyriding5,10]. In the case of the those of trans[RuCly(NH3)4]* and trans[RuCl(eny]*.
4-acpy complex, these interactions were also confirmed For trans[Ru'!' Clo(mac)T, this potential is dependent on
by the NMR solvatochromic behavior dfans[RuCl(4- ring size, going from—150 mV for the cyclam complex to
acpy)(cyclam)](Bk) (4-acpy =4-acetylpyridine)5]. The —95mV for 16anely, as a result of the macrocyclic effect
H—CI interatomic distances for the secondary amine hydro- and enlargement of the macrocyclic cavj8]. For trans
gens lying on the same side of the plane as the chloro ligand[Ru(lll)LL '(mac)] this potential is also dependent on L and
indicate a strong interaction. The chemical shifts of these L.
two hydrogen atoms are solvent independent, while those of ~ Substitution on the macrocycle seems to have a small or
the other two hydrogens that do not interact with chloro are negligible effect on the reduction potentials, but there are
solvent dependent. not enough electrochemical data for Ru complexes to de-

The Ru-N (macrocyclic nitrogen atoms) interatomic dis- rive an explanation. However, on one hand tertiary amines
tances in the Ru(ll) complexes are shorter than in other should stabilize Ru(lll) and decrease the potential, on the
Ru(ll) ammines, and are close to Ru#N interatomic other hand, the HCI interactions are weakened (in the

Table 5
Relevant interatomic distance&)(for some ruthenium cyclam and related complexes
Complex Interatomic distances

Ru—N?2 Ru—ClI Ru—L Ref.
trans[Ru'' Cl(cyclam)(4-acpy)](BE) 2.097 2.457 2.057 [5]
trans[Ru' (NO*)Cl(cyclam)](CIQy)2 2.092 2.323 1.747 [10]
cis[Ru'' (cyclam)(bpy)](BR)-H20 2.083 2.080 [71]
trans[RU" Clo(cyclam)]Br 2.083 2.342 [8]
cis-[Ru'" Clo(cyclam)]Cl 2.109 2.369 [55]
cis[Ru" CI(NH3)s]Cl> 2.10% 2.346 [108]
[Ru" (NHs)e]l 2 2.144 [109]
[Ru" (NH3)6](BF4)3 2.104 [109]
[Ru'" (NH3)s(1-mp2)]ks 2.15% 1.95 [110]

a Ru-macrocyclic N interatomic distance, except where noted; average value.
b Ru-ammine N interatomic distance, average value. 1-mpz = 1-methylpyrazinium.
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Table 6
Ru*2* and NO™ redox potentials for some Ru cyclam complexes and
related speciés

Complex E (mV) (vs. NHEP  Ref.

trans[RuCly(cyclam)J —150 [8]

~152 [51]
trans[RuClp(14-tmc)] —128 [61]
trans[RuClx(16aneN)]* -95 [8]
trans[RuCly(1-pramcy)f* —158 [51]
trans[RuCly(en)]*® —188 [114]
trans-[RUCl>(NH3)4)]* —160 [115]
trans[RuCI(OHy)(cyclam)f+d 12 [51]
trans[RuCI(OH)(cyclam)fd -8 [51]
trans[RUCI(H,0)(1-pramcy)§+d -18 [51]
trans[RUCI(OH)(1-pramcy)i+e -78 [51]
trans{RuCl(cyclam)(NHC(O)-4-pyH}*  —68 [38]
trans{RuCl(cyclam)(OCNH-4-py)]2* —148 [38]
trans [RUCI(OHp)(NHg)4)]2* —50 [65]
trans[Ru(OHp)2(NHz)4)] 3 +80 [65]
trans[RuCI(OH,)(en)]%*¢ —66 [114]
trans[Ru(OHp)2(en)]3*¢ +92 [114]
[Ru(NHz)s(NHCO-4-py)*f —230 [88]
cis-[RuCl(cyclam)t +32 [52]
cis-[RuCl(cyclen)[ +142 [52]
cis-[RUCI>(NH3)4]*¢ —110 [115]
Cis[RUCI(OHp)(NHz)a] *© 0 [115]
trans[RuCl(cyclam)(py)f +320 [2]
trans[RuCl(cyclam)(4-acpy)] +420 [2]
trans[Ru(4-NCpyH)Cl(cyclam){*9 +720 [38]
[Ru(NHz)s(py)]?*" +298 [116]
trans[Ru(NO")Cl(cyclam)p* —788 [10]
trans[Ru" (NO*)CI(1-pramcy)$*9 —118" [95]
cis-[Ru(cyclam)(py}]2* +574 [55]
cis-[Ru(cyclam)(bpy)}* +650" [55]
cis[Ru(cyclam)(phen +630° [73]
cis-[Ru(imcyclen)(bpy)f* +905* [73]
cis[RU(NHz)4(bpy)2*i +510* [117]
cis{Ru(NHz)s(phen)f*i +510% [117]
cis-syn-syn[Ru(NO*)Cl(imcyclen)ptk  —4g®# [14]
cis-syn-anti-[Ru(NO")Cl(imcyclen)ftk  —68®# [14]

@ In 0.1 M HCI/0.1 M KCl aqueous solution, except where noted.

b Reported potential values with different reference electrodes are arith-
metic averages OEcp and Eap, except were noted and were converted to
NHE for comparison purposes.

¢ In 0.01 M Htos +0.19 Ktos.

91n 0.1 M CRSOzH.

€ In CH3CO,H/CH3COzNa at pH=4.2.

fIn 0.5M KCRS0s.

9 In1MHCI

P In 0.01 M Htos/Ktos buffer.

I In CH3CO,H/CH3COzNa at pH 4.

I'In 0.1 M KCl aqueous solution.

k0.1 M TBA(PFs) acetonitrile solution.

* Ecp: cathodic peak potentid®Data for NQOT0 reduction.#Eap: anodic
peak potential.

N monosubstituted) or lacking (in 14-tmc), resulting in a
smaller Ru-Cl interaction and an increase in potential. Ap-
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higher redox potential values than the respectiges iso-
mers (even taking into account that the values foctheom-
plexes correspond to peak potentials, Bgp, for the rapid
chloride aquation). Interestingly, it should also be noted that
the cyclam complexes do not display values similar to the
tetraammines either. These higher values are probably due
to the smaller constraint imposed by tbis over thetrans
configuration.

Upon substitution of the anionic chloride ligand by the
neutral aqua ligand in thieans complexes, an average shift
of ~+150 mV is observed for the first chloride. The few avail-
able data indicate that substitution of OHor H»O results
in decrease of the potential 20 and—60 mV for cyclam
and 1-pramcy, respectively.

The amide-bonded complexes (with cyclam) show redox
potential values of-68 and—148 mV, for theN- and O-
bonded coordinated complexes, respectively. Such values lie
in the same range as the ones of the analogous pentaammine
complex[38,70,87,88]indicating a larger Ru(ll) affinity for
the N bonded complex.

The redox potentials of therans[Ru'' CI(L)(cyclam)]"
complexes are similar to those of the corresponding pentaam-
mines[2,6,38] and, as in the case of the ammines increase
in the L ligandw acceptor character results in higher poten-
tials, stabilizing the Ru(ll) oxidation state. Ths cyclam
complexes with py, bpy and phen have reduction potentials
ca. 100 mV higher than those of the corresponding tetraam-
mines. Thecisimcyclem complexes present even higher val-
ues, which is consistent with the unsaturation in the ring.

The reduction potentials of nitrosyl complexes refer to the
reduction of NO to NO° (or fromtrans[RuCI(NO)(mac)§*
totrans[RuCl(mac)(NO)T) and their values are in the range
of those of nitrosyl tetraamming&5]. The cyclam nitrosyl
complex has two cathodic reduction potentials. The higher
potential is pH independent and has been assigned to the
reduction of NO to NO°. The lower potential peak is pH
dependent and has been attributed to the reductitrao$
[Ru' (H,0)(NO*)(mac)P*, which results from the coupled
chemical reaction of chloride loss following reduction (Egs.
(14)Y{18)) [10]. The profile of the 1-pramcy nitrosyl com-
plex, however, is more complicated since there is also a pH
dependence of the amine pendant arm, which is being investi-
gated. The reported potential value for the 1-pramcy nitrosyl
complex refers to a 1 M HCI solution of the complex.

7. Aquation reactions of Ru(lll) and Ru(ll) cyclam
complexes and related species

The Ru(lll) complexes, [RUL,(mac)T, are relatively in-

parently, these opposite effects cancel each other, resultingert with regard to aquation of the L ligands, especially the

in reduction potentials similar to those of the unsubstituted

second one (Eg$7), (8), (11), (12)). The aquation rates are

cyclam. Current efforts in our labs have also been directed dependent on the metallic center, configuration of the com-

towardcisand N- and C- functionalized complexes, and these

plexes and ligand identity. For sortransRu(l1l) complexes,

data may help to clarify these features. Less data are availablesuch as 14-16aneN4, the chloride inertness in aqueous solu-

for the cis tetraazamacrocyclic complexes, but they present

tion is observed for at least 24 h, but other Ru(lll) complexes
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have larger aquation rate constants. That is the case of Reduction of [RU'L»(12-16aneM)]* results in larger
trans[RuCl(tfms)(cyclam)], which has a rate constant rates of aquation of the ligand L. However, the aforemen-
(k1=6.0x 107257 that is four orders of magnitude larger tioned chloro hydrogen bonds in the cyclam complexes are

than that oftrans[RuCl(NHz)s]* (k1=1.7x 1076s7%). too strong to make the Ru(ll) complex as labile as the
The aquation reaction ofrans[RuCh(14-tmc)" (Eq. chloro ammines Table 7, and loss of the second chlo-
(7)), trans[RUClx(1-(3-propylamonium)cyclamjf andcis- ride is slow enough as to make the synthesistrahs
[RuClx(cyclen)]” have pseudo-first order rate constant values [RuCIL(cyclam)["* complexes feasible (Eq$7)—(9) [8].

of 2.7x 1074, 8.2x 107° and 3.6x 10~3s™*, respectively. The rates of dissociation for Ru(ll) complexes with saturated

The specific rate constant values of aguation for the first unsubstituted tetraaza macrocyclésans[Ru' Clo(mac)],
chloride 1) in the ruthenium complexes are smaller than in provide evidence for the macrocycle strain energy effect in
the corresponding Co(lll) complexeBapble 7). Inthe case of  the aquation reaction. These rates of dissociation follow the
Ru(lll), the dichlorotetraammine complex has a rate constant order cyclam < 15anep\< 16aneN, suggesting that the chlo-
of 3.1x 107°s~?, while for the dichlorocyclam complex no  ride aquation is influenced by the macrocycle ring §&8).
aquation was noticed for at least 24 h. The respective values |t was pointed ouf8,55] that the major effect observed
for the Co(lll) complexes are 1:810-3and 1.1x 10®s7, for the labilization of chloride is associated with nephelaux-
with the ring size effect resulting in a six order of magnitude etic and solvation effects. Nephelauxetic effects should favor
increase from cyclam to 16angNFor the Co(lll) complexes,  |ability of transchloro ligands. However, the nitrogen hydro-
the rates of aquation are dependent ontthesligand, but  gen atom—chloro interactions seem to surpass the nepheulax-
there is not enough data for the Ru complexes to see if thisetic effect, since the chloro ligands in thans complexes
trend is followed. are substitution inert, and the absence of those interactions

The increase in the rates of the N-substituted macrocyclic in the cis complexes renders all of them, but those of nitro-
complexes is consistent with the weakening of the chloro hy- syl, more labile, especially for Ru(ll)Table 3. However, it
drogen bonds when compared to the cyclam complex. Indeed,would be interesting to investigate the effectrains|abiliz-

the aquation rate dfans[Ru'"! Cla(14-tmc)]" (Eq.(7)) [61], ing ligands, such as phosphites and sulphite, on the chloride
which has four nitrogen hydrogen atoms substituted, is much |abijlity in trans[Ru(Cl)X(mac)]*.

larger than that of the mono substituteens[Ru'" Clp(1- All the macrocyclic complexes for which aquation have
pramcy)] [51] (Table 7. been reported, exhibit retention of configuration for the

macrocyclic ligand in the aquation product. This is consistent
with the assumption of a dissociative mechanism.
Table 7 Reduction otrans[RuCI(NO)(cyclam)f* is followed by
able ; ; :
. - chloride aquation (Eqg14) and(15)), with a rate constant
;(Sa:e(z:;:onstant values for the aquation of @h [MLAX] ™ complexes at (k= 1551 at oH 4) Iarger than those of other Ru(II) cy-
clam complexes, suggestingranslabilizing effect for NO.

M " L A X — k(s — Ref. This aquation is followed by a slow NO release (Etg)),

§£+ i;?:{:gcy g g:— 3;; ;gw [1[%]] with a specific rate constant (6x110~*s~1) [10,15] four

RE*  cyclam cr Tims  6.0x102  [62] to two orders of magnitude _smaller t_han those of the analo-
RB*  (end cl- Cl-  42x10% [119] goustransnitrosyl tetraammines, which have rate constants
RW*  (NH3)s (ol Cl-  1.7x10°%  [56] of NO aquation going from 5.1 for the carbon bonded imi-
RE™  tme cr o 27t (el dazole[26] to 0.02 s for the 4-picoline complex15]. In

Et; %ﬂe)” ,\(I:; g:: g(ji 18:6 [1[2?)]] addition, this rate is one order of magnitude smaller than
R (NHE): NHe  Tims  9.3x 10-2 [121] for [Ru(NO)(Hedta)f" (kobs=7.3x 10-3s71), whose aqua
C*  cyclam cr Cl-  11x10°% [122] complex is a known NO scavengii5,125] This rate con-

Co**  cyclam cr Tfms 4.8x102  [62] stant shows that the range of rates of NO release can be ex-
Co™  cyclam tms ~ Tims 3.8 10’2 62] panded with the tetraazamacrocycles.

g? %Z\'??M chs (c::: zg; 107 H;g The  trans[RUuCI(NO)(cyclam)}*  and trans

Co*  (enh C-  OF  35x105 [122] _[Ru(P(C_)E@)(_NO)(_NH3)4]3+ complexes presented a very
Co*  (enp NCS- CI-  46x10% [122] interesting biological effe¢l.5,16,18,19]In addition to their

Co**  (NHa3)4 cl- Cl-  1.8x10°% [122] low toxicity, endovenous administration of the complexes in
0031 (NH3)4 NCS™ CIm  36x10°% [122] hypertensive rats resulted in decrease of the blood pressure,
2$+ Z{’lﬂa)m ,\(;: (C::: 2'036 [15]] as does sodium nitroprusside, a classical nitrovasodilator.
R cyclgr: NC; c- 21 [10] T_he_se complexes showed an_|mme_d|ate anq intense effect,
R®*  cyclam HO NO®  6.1x10°4  [10] similar to the NO donor sodium nitroprusside. However,
R 1-pramcy cr Ccl- 0.9 [51] while the effect of bothtrans[Ru(P(OEg)(NO)(NHz)4]3*

R*  15aneN CI~ CI=  0.064 (6] and sodium nitroprusside lasted for only a few seconds, the
RW¥*  23-dimethylcyclam  Ct Cl- 0.032 [6]

effect of the cyclam complex lasted for about 15 min. The
? transcomplexes, except where noted. difference was explained on the basis of different rate values
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for NO release, 0.97¢ for the phosphite complex, and
6.4x 10~*s1 for cyclam.

Simultaneous administration of the nitrosyl cyclam pre-
cursortrans[RuCl(tfms)(cyclam) inhibited the cyclam ni-
trosyl effect. This fact was explained by the reaction of
trans-[Ru(OH)(H>0)(cyclam)f*, formed in the reactions in-
volved, with the released NO, from the cyclam nitrosyl, to
form trans[Ru(OH)(NO)(cyclam)f*, which acts as a NO

E. Tfouni et al. / Coordination Chemistry Reviews 249 (2005) 405418

isomerization observed in different [Ru(NH] analogues
[38,70,83]

The estimated rate constant valul, for the hy-
drolysis of the trans[Ru" Cl(cyclam)(4-NCpyH)}+ at
pH 1 is 0.245s! [38], which is similar to the value
of 0.193+0.001s! observed for [RU (NH3)s5(4-
NCpyCHg)]3* at the same pH[84]. There are several
different modes of amide bonding (protonated and deproto-

scavenger. The rates of the reactions between NO and Ru(lll)nated) in therans[Ru"' Cl(cyclam)(NHC(0)-4-pyH)t*and
aqua and hydroxo tetraazamacrocyclic complexes and thetrans[Ru”'CI.(cycIa'm)(NHC(O)-AT-py)(Rl'J!(NH3)5]3+
rates of NO dissociation from the Ru(ll) complexes are be- complexes, includingN- and O-linkage isomers, bonded

ing determined in our lab.

8. Nitrile hydrolysis and amides

Ruthenium(lll) ammines with N-bonded amides can be Mines.
easily synthesized from the corresponding nitrile complex.
As with other transition metals, coordinated nitriles can un-

through the amide N or the amide[B8,83] The identity of

the formed species is pH dependent, and the nitrogen-bonded
amide prevalils at acidic pH, while the oxygen-bonded amide
is formed through linkage isomerization in basic solution
[38,83] in contrast with the behavior of the pentaam-
The trans[Ru"" Cl(cyclam)(NHC(O)-4-pyHY*
complex has a Ig; of 3.9 for the coordinated amide
[38], which is close to the 4.3 value of the analogous

dergo hydrolysis to amides when coordinated to Ru(ll) or [Ru" (NH3)5(NH-C(0)-4-pyH)P* complex [88]. Despite

Ru(lll) complexeq38,70,84,88,89,126—128T he rate con-

the fact that the protonation site is not close to Ru, the

stant values of hydrolysis are larger for the more electrophilic Slightly smaller K, value of the cyclam complex is

Ru(lll). In aqueous media, oxidation of the corresponding

Ru(ll)-nitrile to Ru(lll) is followed by a pH dependent hy-
drolysis to the N-bonded amide (Eq&1)-(24)), even under
acidic conditions. This Ru(lll)-amide complex can then be

reduced to give the corresponding Ru(ll) N-bonded amide
complex. In the case of the ammine complexes, they underg
fast aquation, among other possible reactions, depending on

the nature of the amid@&8,70,84,88,89,127-129]

RU' -NC-R—SRU" -NC-R (1)
H
R"_NC—R —T 5 Ru“LIL—C—R + H
H,0 T (22)
0
H ) H
R T l 5 te m 5
u—N—C—R —>» Ru—N—C —R
Il Il (23)
0 0
H H

k |
RuLN—ﬁ—R+ H,0 ——» Ru'(OHy) + H-N—ﬁ —R (24
+

0 H 0

Despite their similarity, different features resulted from
the reactions oftrans[Ru' Cl(cyclam)(4-NCpyH)}* and
trans[Ru'' Cl(cyclam)(4-NCpy)(Rt(NH3)s]3* upon oxida-
tion to Ru(lll). The oxidized species undergo hydrolysis
of the coordinated nitriles to form the correspond-
ing Ru(lll)-amide complexes [RUCI(cyclam)(L)I"* and
[Ru''Cl(cyclam)(L)Ru(NH)s]™ (L=amide bonded 4-
pyridinecarboxamide}38,83,130] Reduction to Ru(ll) re-

sults in relatively long-lived amido bonded complexes that

show relatively slow linkage isomerization of the andO-

consistent with thetrans[Ru"' Cl(cyclam)f* core being
more acidic. This can be inferred from th&gpof 1.1
of trans[Ru" (cyclam)(HO)2]2*, which is smaller than
that of trans[Ru(NHs)4(H20)]3" (pKa=2.6) [6] and
[Ru(NH3)s5(H20)13* (pKa=4.2) [131,132] indicating that

ocyclam makes Ru(lll) more acidic than do ammines.

The spectral changeswéans[Ru'!! Cl(cyclam)(NHC(O)-
4-pyH)IZ* in the pH range 4.5-11 allowed the calculation
of another K5 (~7.9) [38]. The N-bonded isomer under-
goes relatively fast linkage isomerization to tBebonded
isomer, trans[Ru""' Cl(cyclam)(OC(NH)-4-py)?*, at high
pHs (pH > g3y), contrasting with the behavior of other ruthe-
nium(lll) amides[87,133]which undergo isomerization to
the nitrogen bonded species at high pH and are relatively
inert with respect to substitutidi8].

In the acidic medium, reduction of the metal center in
trans[Ru''' Cl(cyclam)(NHC(O)-4-pyH)}{* leads totrans
[RuU'' Cl(cyclam)(NH.C(O)-4-pyH)F* and does not result in
fast aquation K=2.4x 10~°s71), as in the case of other
amides with ruthenium(ll) pentaammine, but is followed by
a relatively slow k=2 x 10~?s71) linkage isomerization
to form the oxygen-bonded speci@8]. Aquation and iso-
merization rates are smaller than in the pentaammines. The
smaller rate of aquation has been rationalized by the amide
modes of bonding, which also involve iminol and cyclam
nitrogen hydrogen. The reactions of the related bimetallic
complextrans[Ru'' Cl(cyclam)(4-NCpy)(RU(NH3)s] 3 are
being investigated.

9. Concluding remarks

Despite the similarities with analogous ruthenium am-

bonded coordinated amide, in contrast to the fastaquation andmines, the tetraazamacrocyclic complexes of ruthenium show
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a chemistry that is rich in several aspects, especially in terms [21] J.M. Slocik, M.S. Ward, R.E. Shepherd, Inorg. Chim. Acta 317

of spectra and reactivity, such as that of nitriles and amides,

which are being investigated in our labs. This rich chemistry
is very interesting with regard to the rapidly developing field
of NO chemistry, as the biological results with cyclam com-

(2001) 290.

[22] P.C. Ford, .M. Lorkovic, Chem. Rev. 102 (2002) 993.

[23] P.G. Wang, M. Xian, X.P. Tang, X.J. Wu, Z. Wen, T.W. Cai, A.J.
Janczuk, Chem. Rev. 102 (2002) 1091.

[24] A. Czap, R. van Eldik, Dalton Trans. (2003) 665.

plexes have demonstrated. Based on these results, in addition[25] L.G.F. Lopes, E.H.S. Sousa, J.C.V. Miranda, C.P. Oliveira,

to other systems being studied, we are currently exploring

the immobilization and support of ruthenium nitrosyl com-
plexes, aiming at using them in materials for controlled NO

release in specific sites. For this purpose, specially designed

I.M.M. Carvalho, A.A. Batista, J. Ellena, E.E. Castellano, O.R.
Nascimento, |.S. Moreira, J. Chem. Soc., Dalton Trans. (2002)
1903.

[26] L.G.F. Lopes, A. Wieraszko, Y. El Sherif, M.J. Clarke, Inorg. Chim.
Acta 312 (2001) 15.

substituted ruthenium macrocyclic complexes, such as the [27] M.G. Deoliveira, G.J. Langley, A.J. Rest, J. Chem. Soc., Dalton

reportedtrans[RuCly(1-(3-propilamonium)cyclamif, are
also being investigated in our laboratories.
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