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The one-electron reduction of Ru(bpfAB)?t, hereafter RUAB', where bpy= 2,2-bipyridine and AB=
2,2:3,2".6",2"-quaterpyridine, in agueous solution has been studied using pulse radiolysis.>ReiAd&luced

by eq (k= 6.2 x 101°M~1s 1 at ambient ionic strength)(andk = 4.6 x 101 M ts ! atl = 0.1 M) and

by CO radical k=1 x 18 M1 s tatl = 0.1 M), generating RUAB. The spectra of RUAB and its
conjugated acid (RUAB#3") were obtained; the K, of RUABH2" (8.0) has been determined. The rate
constants for the protonation of RuAB(ky = 7.9 x 10° M~* s71) and the deprotonation of RUABH (k_y

= 79 s'!) have been evaluated as have the rate constants for proton exchkamg®.4 x 10° M~ s™* and

k- =5.5x 10° M1 s1) between the RUAB/RUABH %" and PO, /HPO?~ couples. The results from this
work are compared with those obtained previously for 13 Ru(ll) complexes that contain bpy, bpm (2,2
bipyrimidine), bpz (2,2bipyrazine), and pypm (2-(zyridyl)pyrimidine) ligands. In addition, since RUAB

can be viewed as a substituted Ru(bpy)omplex that contains a bpy residue, a comparison is also made
of the reductions of RUAB and bpy.

Introduction

The reduced forms (Rutt) of 13 Ru(ll)—diimine complexes
(RuL?") that contain the symmetric 2;Bipyridine (bpy), 2,2
bipyrimidine (bpm), and 2;2bipyrazine (bpz) ligands and the
asymmetric 2-(2pyridyl)pyrimidine (pypm) ligand in aqueous
solution have been recently characterize¢tle complexes are
of the form Ru(bpy)Xbpm)(bpz)?* and Ru(bpy)-p(pypm)>+, N N
wherey + m+z=3,y,m,andz=0, 1, 2, 3, anp = 1, 2, @>—©
3. Itwas found that the species Rtilcan undergo protonation

to give RuLH?"; of course, Ru(bpy)", because it lacks nitrogen
atoms on the periphery of the ligands, cannot be involved in

acid—base equilibria. Experimental Section
The recently synthesized and characterized Rudop) 2"
complex3~5 hereafter called RuAB, is schematically repre-
sented in Figure 1; it is a derivative of Ru(bp¥)in which the
3'-H atom of one bpy ligand is replaced by a bpy residue. The
resulting species possesses an unaltered Rufpgiructure
and, due to the presence of the bpy residue, contains two
protonable nitrogen atoms. Indeed, in the ground state, R

0@ @0

Figure 1. Schematic representation of the complex Ru(k@B)>"
(= RUAB?H).

Materials. Ru(bpyx(AB)2*, as its Pk~ salt, was prepared
as has been reportéd. The absorption spectrum of this
compound in waternax 454 NM,emax 1.35 x 10* M~1 cm™1)
was found to be independent of pH in the range utilized in this
work (4—13) and did not show any appreciable change within
the time required to perform the experiments. Solutions were
AB freshly prepared using Millipore (Milli-Q) water and were

undergoes protonation giving RuABHfor which a Kavalue ;g6 with Ar, saturated with 40, or degassed by standard

of 1.9 has been reported in 1:1 acetonitrieater in the presence  \acyum line techniques. The pH of the solutions was adjusted

of ~1 M KNO3® with HCIO,, NaOH (Merck, Suprapur), or phosphate buffers.
As an extension of our previous work on Ruftgiimine Sodium formate (Merck) antert-butyl alcohol (Fluka) were

complexes;® we have examined in detail the one-electron used as received.
reduction of RUABT in aqueous solution, using the pulse Pulse Radiolysis. Pulse radiolysis with optical absorption

radiolysis technique. detection was performed using the 12 MeV linear accelerator
at the FRAE-CNR Institute, Bologna.The pulse experiments
*To whom correspondence should be addressed. Phe@ 051- were performed at ambient temperature £22 °C) on samples
6399822; Faxt-39-051-6399844; E-mail ggm@Dbofra3.frae.bo.cnr.it. contained in Spectrosil cells of 1 or 2 cm optical path length.
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The solutions were protected from the analyzing light by means 0.08 — T
of a shutter and appropriate cutoff filters. The radiation dose
per pulse was monitored by means of a charge collector placed

0.08
0.06 -

behind the irradiation cell and calibrated with aONsaturated
solution containing 0.1 M HC® and 0.5 mM methyl viologen
(1,1-dimethyl-4,4-bipyridinium dication) by takingse = 9.32

x 10* at 602 nme Pulses of 26-100 ns duration were generally

used which delivered doses of approximately-B0 Gy per
pulse; under the conditions utilized;-30 «M transient species
were generally produced.

Generation of Reducing Radicals. The radiolysis of aque-
ous solutions producesg, *OH, and H with G values G =

number of species formed per 100 eV of energy absorbed by

the solution) of 2.6, 2.7, and 0.6, respectivélyReducing

AA (500 nm)
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conditions can be obtained in degassed or Ar-purged solutionsFigure 2. Observed spectra from the pulse radiolysis of Ar-purged

by the scavenging of the hydroxyl radical witrt-butyl alcohol
(ka=6.0x 18 M1 s or HCO, (ky = 3.2 x 10° M2
Sfl)_Q
‘OH + (CH,);,COH— *CH,C(CH;,),OH (95.7%)+
(CH,),CO (4.3%)+ H,O (a)
‘OH+ HCO, —CO,” +H,0 (b)
Under acidic conditions, g is scavenged by Hto yield H*

(ke = 2.3 x 109 M~1 s71)° whereas the conversion of lhto
€. takes place in alkaline solutioky(= 2.2 x 10’/ M~1s71).°

In the current work, the dosimetry and a limited number of

experiments were performed in@-saturated solution ([f0]
= 25 mM); N;O converts g, into *OH radicals k. = 9.1 x
1°M1s1)0

ey, tH —H (c)
H +OH —H,0+¢e, (d)
€ +N,O (+H,0)— N, + ‘OH + OH" (e)

Both g4 and CQ°~ are strong reducing agents°(= —2.87
and —1.90 V, respectively}?11 H* is also a strong reducing

agent E° = —2.30 V) but also adds to coordinated bpy and

bpz moieties? On the other handCH,C(CHs),OH is a weak
reducing agentf° = —0.1 V)2 The g4, H, CO;~, and

*CH,C(CH;g),0OH species all decay via bimolecular processes

with values of X = 1.1 x 1009 1.55x 10109 1.3x 1° (1 =
0.1 M)8and 1.4x 10® M~ s71 4 respectively; their reactivities
toward a variety of substrates is well documenited.

Results

The pulse irradiation of Ar-purged solutions containteg-

BuOH or formate resulted in the formation of the well-known

spectrum of & (Amax 720 NM, €max 1.9 x 10* M™% cm™1),°

which disappeared in several microseconds. In the presence

of RUAB?" (15—-80uM), the decay of g was more rapid and
followed first-order kinetics withkopsgincreasing linearly with
[RUAB?™]. From the plot ofkypsg VS [RUAB?'] (see Supple-

solutions containing 5@aM RuAB?" and 0.1 M HCQ™ at pH 12 Q)
and pH 5.2 @); dose per pulse= 9.7 Gy, optical patk= 2 cm. Inset:
effect of pH onAOD at 500 nm for solutions containing 0.1 mM
RUuAB?" and 0.5 Mtert-BuOH; optical path= 1 cm, dose per pulse
26 Gy.

After the spectrum of g~ had completely disappeared, the
residual absorption in the 3550 nm region had a shape and
size that depended on pH (Figure 2). From the changes in
absorbance at 500 nm, which is the wavelength of the maximum
difference between the two spectra shown in Figure 2, as a
function of pH, the inset to Figure 2 was obtained; an analysis
of this curve, which incorporated the appropriate corrections
for the differences inG values in acidic and highly alkaline
solution, gave an inflection point at p# 8.0 £+ 0.1.

In the presence dert-BuOH, the spectrum originating from
reaction 1 decayed via a process which was close to second
order; the decay rate was relatively constant atpil although
at pH 9.2 it was about 10 times faster than that in more alkaline
solution.

In the presence of HCO as a scavenger foOH radicals,
the formation of the spectrum from reaction 1 was followed by
a slower process which produced an increase of the absorbance.
Saturation of the solution with D so that C@~ was the only
species present in the system caused the disappearance of the
fast formation of the transient absorption but did not affect the
slower process. From the analysis of the formation of the
transient spectrum as a function of [RuAB under these
conditions, the rate constant of reactionk?) (vas determined
tobe 1x 18 M~1sL

RUuAB?* + CO,”” — RuAB"" + CO, 2)

When RUAB* was reduced by.g at pH < 6, the spectrum
initially observed was the same as that observed in alkaline
solution; however, it evolved into that observed in acidic solution
via a process that depended on'[H From the data shown in
Figure 3, the rate constant for the protonation of RUABR
reaction 3 ky) was obtained (7.% 10° M~1 s71),

RUAB"" + H" = RuABH"?" (3)

The effect of the presence of phosphate ions{9.0 mM)
on the decay of RUAB was also investigated. It was found
that the value ofkopsq for the conversion of RUAB into

mentary Information), the bimolecular rate constant for reaction RUABH*2* increased linearly with [(PO; 7], resulting in a value

1 was calculated to ble = 6.2 x 10 M~1 s71 at ambient pH
andl in the presence of 0.5 Nert-BuOH and 4.6x 1019 M1

s 1 at ambient pH and = 0.1 M in the presence of 0.1 M
HCO,.

RUAB*" +e,, — RuAB™ (1)

of ki =3.4x 100 M~ 1s 1,
RUAB™ + H,PO,” = RUABH*" + HPO>  (4)
Discussion

The reduction of RUAB" by e and by CQ'~ radicals
generates RUAB, which can be viewed as an ABradical
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Figure 3. Effect of [H"] on the rate constant for protonation of RUAB
in degassed solutions containing 108 RuAB2*, 0.5 M tert-BuOH,
and varied [HCIQ]; Amon = 500 nm, optical path= 1 cm, dose per
pulse= 21.5 Gy. Inset: decay observed in the presence of bRI5
HCIO,. The solid line represents a first-order fit to the data.
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Figure 4. Absorption spectra of RUAB (O) and RUABH?*" (@)
obtained by correcting the spectra shown in Figure 2, assufirg
2.6. Inset: spectrum of RuAB.

coordinated to the Ru(ll)(bpy)moiety. The rate constants for
the reduction of RUAB" by e,y are comparable to the rate
constants reported for the reaction of Ru(bpywith e,q (k
= 8.2 x 10%and 5.6x 10" M~1s™1 at low ionic strength and
k=3.1x 1019M-1s1atl=0.1 M);**kfor the reduction of
bpy by a4 was reported to be (1:®2.5) x 101° M1 s71.15
The rate constant for the reduction of RuBy CO,*~ radical
will be discussed below.

The observed spectrum of RuAB(Figure 2), which shows
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Figure 5. Plot of logk vs AG®' for the reaction of C@~ radical with

14 Ru(ll) complexes containing bpy, bpm, bpz, pypm, and AB ligands.
The solid line represents the best fit to the data. Abbreviations: y
bpy, m= bpm, z= bpz, p= pypm.

analogy with the attribution made for the RULspecies
previously investigated, the spectra of RuABINnd RUABHZ"
are assigned as overlapping ligand-localized transitions within
the reduced ligand and MLCT transitions between the metal
center and the nonreduced ligarfds.

Rate Constant for the Reduction of RUAB" by CO,*~.
The rate constant for the reduction of RuABoy CO~ (k, =
1 x 108 M~1s71) can be incorporated into the values obtained
for the reduction by C@®~ of the 13 Rul?™ complexes
previously investigated which have been discussed in terms of
the driving force of the reactioh®6c Unfortunately,
E°(RUAB?*) in water is not known although it has been
reported that in acetonitrile RUAB' is reduced at a potential
60 mV less negative than is Ru(bg¥). On the assumption
that this difference is unaffected by the nature of the solvent
and from the knowledge &° = —1.22 V for the Ru(bpy?*
couple in watefP¢ a value of E°(RUAB?"*) = —1.16 V in
water can be derived. By using this value &f{CO,/CO,*")
= —1.9 V' the value ofAG®" associated with reaction 2 can
be calculated by means of eq 5, whesg and w;, are the
electrostatic work terms. In this casg, = 0 because one of
the products is uncharged, wheregss

AG* = E°(CO,/CO,™) — E°(RUAB*™) +w, —w, (5)

approximately—2.1 kJ mofl. As is shown in Figure 5, the
value ofk; fits very satisfactorily on the plot of log vs AG®'

two apparent bands at ca. 370 and 500 nm and a minimum atpreviously obtained for the other 13 compleXé&8¢the quality
ca. 430 nm, is very similar to the observed spectrum of Ru- of the fit on the curve indicates that the intrinsic barriaG¢-
(bpy)s+.16 The pH dependence of the spectrum, which is not (0)) of reaction 2 must be the same as that obtained for the

observed in the case of Ru(bgy), is similar to that observed

other complexes (57 kJ mid). This high value is a conse-

for the reduced complexes that contain at least one bpz, bpm,quence of the unfavorable intrinsic kinetic parameters of the
or pypm ligand. This effect is caused by the protonation of a CO,"~ radical AG*(0) = 97.0 kJ mot! andkse= 1.4 x 1073

heterocyclic N atom in the coordinated ABradical to form
RUABH2* via reaction 3; the Ig, value of 8.0+ 0.1 derived
from the inset to Figure 2 is that of RUABH. The K, values

M~1 s71, wherekse represents the self-exchange rate constant
for the CQ/COy~ couple)®
By using E°(RUAB?*) = —1.16 V and the procedure

of the 12 complexes previously investigated range between 6.3employed beforéf2the value ofE°3(RUAB?T,HT/RUABH2")
and 9.22 From the observed spectra and a knowledge of the = —0.86 V at pH 3 was calculated,; this value is to be compared
radiation dose and the spectrum of the parent compound, thewith the values determined for the other RuBHspecies which

corrected spectra of RuABand RuABH?2*, which are shown
in Figure 4, were calculated assumiB@—RuAB?") = G(exq )
= 2.6. The spectra show an absorption band Witk 500 nm
(emax 13900 M cm™1) and a shoulder at 370 nna (6 100
M~1 cm™1) for RUAB™ and Amax 370 NM €max 19 000 M1
cm™1) and 450 nmdmax 15 400 Mt cm™1) for RUABH?*. By

range between-0.26 and—0.71 V28 Thus, among the
protonated one-electron reduced species examined, RtZABH
is the strongest reducing agent.

Rate Constants for Protonation, Deprotonation, and
Proton Exchange. The rate constant for the protonation of
RUAB'" (ky = 7.9 x 1® M~1s71) is ca. 40% smaller than that
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determined for the protonation of the Rtilspecies previously
examinedky = 1.3 x 101°M~1s71).2 This difference, although
not dramatically large, is, however, outside the range of the
experimental error and may indicate that the electron density
on the basic nitrogen atoms in the coordinatedAdical is
lower than that on the coordinated bpzbpnt~, and pypnT
radicals in the Rutt complexes.

From the knowledge of theKa of RUABH2*, and hence
the equilibrium constant for reaction 8-y = 79 s was
calculated for the deprotonation of RUABH. This value is
to be compared with values of 88500 s? for the Rul2*
complexes examined previously.A plot of log k-y for

PK,, (RULH ")

RuLH2" and RUABH?" as a function oE°(RU?'*) is given 12 0 28 06 04
in the Supporting Information. It should be noted here that the o 2eie
acidity of the protonated reduced species is controlled essentially E*(Ru™), vV

by the value ok_y inasmuch a&y, with the exception of that Figure 6. Plot of pK, values for RuLF™ and RUABH?" as a function
of RUAB** as discussed above, has a constant value, indicatingof E°(RU/**). Abbreviations: y= bpy, z= bpz, m= bpm, p= pypm.
that the reaction is diffusion controlled. The slope of the dashed line passing through the point representing
" the RUAB* complex is the average of the slopes of the three solid
From the knowledge of theky values of RUABHT (8.0) lines (see text).
and HPO,~ (7.21)17 the equilibrium constant for reaction 4

could be calculated (6.2). Froiy andks, k-4 = 5.5 x 10° (Amax 3652 occurred with the same kinetics, i.e., the appearance
M~ st was calculated. of the spectrum of bpyHvas not delayed in comparison to the

Decay of RUAB*/RUABH*2*. The approximate second- disappearance of the spectrum gf e In addition, the spectrum
order decay of RUAB/RUABH?" likely represents the dis-  of bpyH, during its development, did not show any appreciable
proportionation of these species. It was shown previdukit spectral shift. Under the assumption that a detectable difference
the decay of the three complexes containing bpy and pypm between the spectra of bpyand bpyH really exists, these
ligands occurs via pH-dependent second-order kinetics. In theobservations suggest that the protonation ofbpy water must
case of RUAB'/RUABH2", however, the possibility cannot be  occur withk = 106 M~ s71,

ruled out that in the presence ¢ért-BuOH the decay of The comparison between equilibrium 4 and equilibrium 6,
RUuAB"/RUABH2" also contains a contribution from a reaction for which values oK = 4, ks = 3.2 x 18 M~1s1 andk_¢ =
between the reduced species and tbE,C(CHs),OH radical 8 x 10’ M~1s~1 were reported? shows that the rate constants
similar to that which was shown to take place between that obtained for the RUAB/RUABH2™ couple are approximately
radical and Ru(bpy)™.16 1 order of magnitude smaller than those obtained for the bpyH
Protonation of the Excited State. The relationship Ka — bpyH:"* couple, a fact that reflects the large difference in size

pKs* = 4.8, where , and (Ks* are derived from the acid  between RuUAB* and bpy species.

equilibrium constants of the protonated one-electron reduced

form RuLH?" and the protonated excited-state RWH bpyH + H,PO,” = bpyH,”" + HPO,* (6)
respectively, has been shown to be applicable for complexes

that contain bpy, bpz, bpm, and pypm ligands with at least one  pk_ of RUABH*2*. It was shown earliérthat a plot of the

protonable nitrogen atoR$218.19 For these speciesKg" values pKa values of the RuLEF* species vs the corresponding
ranging between 1.5 and 4.4 were evalué’te.elpplylng*tms E°(RW**) values generated three lines, each representing the
relationship to RuAB' leads to a value of the Ky* of group of complexes that had in common the same electron-

RUABH3™* in aqueous solution (3.2). This calculated value of accepting ligand. The value of th&pfor RUABH2+ obtained

pKz* is to be compared with the value (2.28) measurgd in 1:1 here, when plotted against the estimaE8@RuAB2+) value,

acetonitrile-water in the presence of 1 M KNOs° Consider-  goes not fall on any of those three lines (Figure 6). However,

ing the large difference in media conditions, the calculated and j; s possible to make a rough estimate from the plot of the

the measured values appear to be in acceptable agreement. (aqox and aciebase properties of the two other complexes,
Comparison between RUABH?* and bpyH-. The proto- Ru(bpy)(AB)X?* and Ru(ABY?*, which together with the

nated reduced species (RUABE) can be viewed as being complex Ru(bpyYAB)2* from the present study are part of

composed of Ru(bpy}* and bpyH residues. The reduction  another distinct family of Ru(IF-diimine complexes. If this

of free bpy in aqueous solution generates bpfgid which pK, family of complexes behaves in the same way as the others,

values of >14°! and ~ 24%2 have been estimated; bpyH and there is no reason to believe that this is not so, it is possible

undergoes further protonation to give bpyHfor which pKa to identify the region where the points representing tkgand

= 8.0 was determine®. The rate constant for the protonation E°(Ru?*/*) values of the three complexes would lie by drawing

of bpy~ by HsO" is believed to be on the order of #Qv—* a line through the point representing Ru&Band using as a

s % there is little chance to observe the species bpyacidic slope the average of the slopes of the other three lines. This

aqueous solution. The rate constant for proton transfer from exercise permits us to conclude that it is most likely that the

water to bpy is expected to be several orders of magnitude redox potential of these species will become less negative and

lower than that for proton transfer froms8*. However, we the K, of the protonated reduced species less positive as the

have failed to observe the protonation of bpyn aqueous number of AB ligands in the complex is increagéd.

alkaline (pH 12) solution under such conditions that the reaction

between bpy and.g was complete in approximately 200 ns. Acknowledgment. This research has received financial
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