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Mechanism of Redox Reactions between SO Radicals and Transition-Metal Macrocyclic
Complexes: Oxidative Addition to the Ligand and Outer-Sphere Electron Transfer

S. K. Dutta and G. Ferraudi*
Radiation Laboratory, Uniersity of Notre Dame, Notre Dame, Indiana 46556

Receied: September 28, 2000; In Final Form: January 16, 2001

Reactions of S@ radicals with complexes of Ni(ll and 1) and Cu(ll and I) were investigated under anaerobic
conditions. Reactions of CUCRCu(TIM)*, and Ni(Me[14]dieneN)™ with SO~ radicals were investigated

by time-resolved spectroscopy. The kinetics of the processes is in accordance with an outer-sphere electron-
transfer mechanism. Intermediates with a liganadical nature were observed in $Oreactions with
Cu(2,9-dimethyl-1,10-phenanthroling) Cu(Me;[14]dieneN)?t, NiCR?*, or NiCRH,*. Two products were
isolated in the reaction of NiCR with SO~ radicals, one product with a sulfonated macrocycle and the
other product with one additional double bond in the macrocycle. These products confirmed the attack of the
ligand by SQ@~ radicals and the formation of intermediates with a ligaratlical nature. A mechanism

based on the oxidative addition of 8Oradicals to the ligand accounts also for the kinetics of product
formation.

Introduction the O oxidation of S@?~ when simple transition-metal
compounds, e.g., Cogand CuC}, are used as catalysts. It also
ffers a good rationale for the damage of DNA by SCand
G~ radicals observed when Ni(ll) macrocyclic complexes
are used as catalysts of the aerobic oxidation 0f2S8-12

In addition to the mechanism in eqs-I, related redox
reactions of S@~ radicals have been observed. Indeed, the
tendency of S@~ radicals to add to double bonds of organic
molecules, free or coordinated to transition-metal ions, has been
documented in several literature repditd: 17 It must be noted
that identical sulfonated products may result from the oxidative
addition of SQ@'~ radicals to the ligand or by SGulfonation
of the ligand after the latter is formed via an outer-sphere
electron-transfer reaction, eq 8. A process leading to the
sulfonation of [Ru(NH)4(phen)f*, phen= 1,10-phenanthroline,
by SG; has been discussed in a literature report.

The reactions of S@ radicals with organic and inorganic
compounds have commanded considerable interest because g
the role of the radicals in grievous health and technological
problems!—12 Indeed, S@~, a biochemical source of such
radicals and a product of industrial processgd)as been
recognized as a pollutant whose activity in the environment leads
to numerous ail§71° Although the toxicological role of
inorganic S(1V) and S(V) is now accepted, recent studies have
shown that the mechanism by which these biological effects
are manifested can be more complex than expéét&dn some
of these studies, macrocyclic complexes of Ni(ll) were used as
catalysts of the aerobic oxidation of O and biochemical
observations were rationalized in terms of the reaction mech-
anism in egs +7.1213

"y 3+ 2— _ Iy 2+ o-—
MTL®" 4+ SO, M'L“" + SO, (1) cd'L + SO, —[Ca'L, SO] — Cd'L-SO,  (8)
SG" +0,—~ SO 2 Redox reactions between 80 and transition-metal com-
pounds with unsaturated macrocyclic ligands may proceed by
M"LZ + so — ML+ 5052— ) either mechanism, i.e., an oxidative addition and/or an outer-
sphere electron-transfer mechanism. To establish the relevance
8052_ +HY = HSO, @) of these alternative mechanisms in redox reactions of SO

radicals with transition-metal compounds, we have studied the

0 o 3 - . _ reactions of some macrocyclic complexes|V, of Cu(ll or I)
M'L™ + HSGQ —M7L™ + 80, +HO (5) and Ni(ll or I) under anaerobic conditions.

M"LZ + HSQ,” — M"L(SO)* + HO® (6) Experimental Section
Materials. The perchlorate salts of various Ni(ll) and Cu(ll)
M'L* + 50, — M"L(SO)* (7 complexes of the macrocyclic ligantisIV were available from
a previous work. [Cu(dmp)ClO4 was prepared and purified
An undefined initiator brings the metal complex,"M to a by a literature procedur®. The purity of the compound was
higher oxidation state, ML, where it can oxidize S€-, eq 1. evaluated by means of its absorption spectrum. Other chemicals

The propagation depends on the formation ofs’SQadicals were reagent grade and used without further purificatfgf.

when Q is present in the reaction medium, egs 2, 5, and 6. Pulse RadiolysisPulse radiolysis experiments were carried
Either SQ*~ produced in eq 5 or S can oxidize ML, eqs out with a model TB-8/16-1S electron linear accelerator. The
2 and 7, to reinitiate the cycle. This mechanism accounts for instrument and computerized data collection for time-resolved
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UV —vis spectroscopy and reaction kinetics have been describe

elsewhere in the literatufdab Thiocyanate dosimetry was

carried out at the beginning of each experimental session. The

details of the dosimetry have been reported elsewherae
procedure is based on the concentration of (SCNgdicals
generated by the electron pulse in aQNsaturated 1 M

SCN- solution. In the procedure, the calculations of the dose

are based on @ = 6.13 and an extinction coefficieat= 7.58
x 108 M~1 cm™t at 472 nm for the (SCN)~ radicals?'@PIn
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OH + M2+ =2 M (L)oH?" (12)

to the experimental observations. To find the appropriate
experimental conditions, tests were conducted with blanks that
allowed the formation of either SO radicals or ML™T
complexes to follow. The rate of formation of 3O radicals
via eq 10 was investigated with solutions wherd LIt~ was
omitted. HSQ/SOs?~ was replaced by 1% v/v (CHCOH to
trap OH radicals in blanks that were used for the investigation
of the rate of ML™ formation, eq 11. Several concentrations of
M'"L2*, equal to or smaller than 5.0 10~ M, were used in
these tests for a given concentration of HSSO:?". In general,
the generation of S radicals or ML* was accomplished in
a period equal to or shorter than 8, i.e., at least 10 times
shorter than the lifetimes of the investigated reactions. Particular
conditions used for time-resolved spectroscopy or in the
investigation of reaction kinetics are given in the Results.
Steady-State Irradiations and Isolation of Reaction Prod-
ucts. lon-exchange chromatographic separations on CM-Sepha-
dex C-25 were also carried out under anaerobic conditiog3: N
aturated solutions of the Ni(ll) complexes and HSSOZ~
ere prepared in gastight flasks by a procedure indicated above.
The liquids in these flasks were placed in a Gammacell 200
and exposed tg radiation for various periods. A spectropho-
tometer cell, attached to the side of the reaction flask, allowed
to UV—vis spectral changes to be recorded without exposing
the solution to air. In the separation of the various reaction
products, the flask containing an irradiated solution was fastened
to a deaerated chromatographic column. Empty spaces were
purged with N before the irradiated solution and elutant

general, the experiments were carried out with a given dose so|ytions, 0.1 M NaCl@ were run through the column.

that in a N-saturated solution resulted in (2400.1) x 107
M (dose~ 60 mJ g pulse!) to (64 0.3) x 1076 M (dose~
200 mJ g? pulse!) concentrations of &g Extinction coef-

Calibrations of the radical concentrations produced in these
irradiations were based on the concentration of GO(sf"
generated in thegqreduction of 10% M Co(NHz)e*" in a N,-

ficients of reaction intermediates were calculated with errors satyrated solution. In addition, the solution contained!1\
equal to or less that 10% as a function of dose. Liquids in the (CH,);COH for the scavenging of Otladicals and was buffered
reaction cell were refreshed after each irradiation. In these at pH 6.5 with 1062 M H,PQ, /HPO2". Literature rate constants
experiments, solutions were deaerated with streams of the O and pulse radiolysis experiments showed that GOt was

free gas, N or N;O, required for the experiment. To prevent
the catalyzed oxidation of S&, the solutions were prepared
by adding the proper amount of solid }#0; to a deaerated

solution containing the metallo complex and pH 6.5 buffer, i.e.,

1072 M HPO; /HPOZ~. Although 20% of sulfite is in the form
of SO~ at pH 6.5, only deprotonated SO radicals are
produced at this pH. The mixture of HgOand SQ?~ will be
indicated as HS@/SO2~ through the rest of the work.

In solutions deaerated with Nreactions of pulse radiolyti-
cally generated solvated electrors € 2.6) and OHM (G =

produced with a yieldG = 2.6, equal to the yield of solvated
electrong’! The preparation and handling of the solutions for
photochemical experiments were the same as those used in
radiolysis. Photolytes were irradiated in a gastight cell for the
spectrophotometric measurements with 1.0 and 0.2 cm optical
paths?? The cell with a capacity of ca. 5 ¢chwas described
elsewhere in the literature. A 50 émeaction cell was used for
the determination of gaseous products. Photolyzed solutions
were frozen at-180 °C, and the noncondensable gases were
pumped off with a Toepler pump and analyzed in a Shimadzu

2.7) radicals were respectively used for a nearly simultaneousGC-17A chromatograph provided with a RT-MSIEVES 13X

formation of Ni(l) or Cu(l) complexes and SO radicals, egs
9—1121b

H,0 ~» OH' (G =2.7), € ,4(G = 2.6), H+ (G=0.6) (9)

ko _
OH' + HSO,” — H,0 + SO, (10)
e+ ML= ML (11)

aq

Reactions of S@~ radicals with Ni(ll) or Cu(ll) complexes
were investigated in solutions saturated withON Solvated
electrons were first converted to Olhdicals, and the latter
reacted quantitatively with S@, eq 10. The concentrations
of HSO;7/SO:2~ and ML ions were adjusted to make insig-
nificant any contribution of eq 12

(fused silica) column and a TC detector. Irradiations were carried
out with light from a 360 nm Rayonet lamp. A light intensity

| ~ 104 einstein ! min~! was measured with Parker’s
actinometef?

Isolated products from the steady-state irradiation were
investigated by theiH NMR spectra. The spectra were
recorded with a Varian Unity-Plus 300 MHz spectrometer of
the Chemistry Department, University of Notre Dame.

Flash Photolysis.Flash photochemical irradiations at 351 nm
were carried out with an apparatus described elsewhere.
Solutions for these experiments were prepared and handled by
the same procedures as those described above.

Results

Experimental observations made on reactions of;SO
radicals with various Ni and Cu complexes are summarized in



Reactions of S@~ with Transition-Metal Complexes

TABLE 1: Observed Reactions of S@~ Radicals with
Transition-Metal Complexes

kx 1002 &O1—1),> ol —I1)
reactant Mtst \% Y,
CuCRf 6.1+ 0.3 —0.25
CuTIM* 13+ 2 —0.38
Ni(Meg[14]4,11-dienel)* 2.94+0.3  —0.97
Cu(Mej[14]4,11-dieneM™ RI® —0.43
Cu(dmp)* RI 0.65
NICR," RI —0.42 1.63
NiCRH* RI —0.99 1.43

a Rate constants measured under conditions described elsewhere in

the paperP Typical redox potentials for the /I andlll /Il couples in
CH:CN vs NHE.¢Reaction intermediates were observed in flash
photolysis and/or pulse radiolysis.
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Figure 1. Oscillographic traces respectively recorded at 330 and 450
nm when Ni(Mg[14]4,11-dieneM)* was pulse radiolytically generated
in a Np-deaerated solution containing 20104 M Ni(Me¢[14]4,11-
dieneN)?* and 2.0x 10~ M HSO;/SO:?". The solution was buffered
at pH 6.5 with HPO, /HPO?".

Table 1. Literature values of the reduction potenial= 0.73
V vs NHE“2425and the self-exchange rate constkgt = 4
M~-1 5711426 were used for the S©/SO> couple. In the
following experiments at pH 6.5, 20% of sulfite is in the form
of SOZ~. However, only S@~ radicals are produced at this
pH. The mixture of HS@ and SQ% will be indicated as
HSO;7/SOs%~ through the rest of the work.

Reactions with Ni(l) and Cu(l) Reductants. In pulse
radiolysis of 2.0x 10~4 M Ni(Meg[14]4,11-dieneN)?+ and 2.0
x 1073 M HSO;7/SO;%~, deaerated with  the product of the

reduction exhibited bands at 450 and 330 nm that are charac-

teristic of the Ni(l) complex. The spectrum of the Ni(l) complex
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Figure 2. Transient spectra generated in pulse radiolysis of ax4.0
1075 M NiCRH4* and 4.0x 1073 M HSO;7/SOs?". The solution was
buffered at pH 6.5 with BPO,”/HPQO,?~ and deaerated with streams
of N».

the lifetime of the reaction. On the basis of the competition
between eqs 13 and 14, the rate conskapf= (8.0 £ 0.9) x
108 M~1 s1 was calculated for the disproportionation/dimer-
ization of the radicals, eq 14. The value agreed with a previous
literature repor’

Absorption bands at 450 and 330 nm were detected in pulse
radiolysis of N-deaerated solutions containing-21075 or 4
x 1075 M NiCRH4", Il ,and 1x 1072to 2 x 103 M HSOs ™/
SO2~ and buffered at pH 6.5, Figure 2. These absorptions were
assigned to the reduction product of the Ni complex, NiGRH
The rate constark~ 5 x 1012 M~1 s! was calculated for the
reduction of NiCRH?* from traces recorded at 450 and 330
nm. New absorption bands at 550 and 400 nm emerged later,
in a slower process whose rate depended on the NiCRH
concentration, e.gty, = 20 £ 3 us for 2 x 1075 NiCRH4"
andty, = 13+ 2 us for 4 x 107> M NiCRH4?". While the rate
of the OD growth increased with Ni(ll) concentration, the final
AOD at 550 and 400 nm remained nearly constant. These
experimental observations revealed parallel reactions gf SO
radicals with NiCRH" and NiCRHZ". The competition be-
tween NiICRH™ and NiCRH?Z" for SOy~ radicals could not
be resolved in favor of the NiCR# reaction in experiments
where smaller concentrations of NiCEH were used for the
investigation of the reaction rate. Therefore, no rate constant
could be calculated for the reaction between NiGRtNd
SOy~ radicals, eq 13.

The reaction of NiCR, Il , with SO~ resembled that of
NiCRH42" in its competition with NiCR" for SO;*~. In pulse

disappeared via a process with second-order kinetics. A half- radiolysis of a solution containing # 105 M NiCR2" and 2

life periodty, = 100us was recorded by following the decay
of the 480 nm optical density of Ni(l) from its initial value,
AOD = 7 x 1073 The decay of the spectrum leaves some
residual Ni(l), Figure 1, which indicates that the reoxidation of
the complex, eq 13, competes with radiceddical dispropor-
tionation and dimerization reactions, eq 4.

k13 _
M'L*+ S0 + HT —M"L* + HSQ> (13)
SO* +S
2803._ ksos 03 03 (14)

S04

A rate constank;z = (2.9+ 0.3) x 10° M~! st was calculated
for the oxidation of Ni(I) by S@~ radicals, eq 13, on the basis
of the relationship of the initial to finaAOD at 450 nm and

x 1073 M HSO;7/S0O:?™, buffered at pH 6.5 and deaerated with
N>, the transient spectrum recorded several microseconds after
the irradiation showed broad absorption bands at 450 and 320
nm. Such absorption bands suggested that RiGRas simul-
taneously reduced by g,and oxidized by S@~ radicals. Good
linear least-squares fittings &afOD~* vs time plots showed that
the Ni(l) and Ni(lll) products of the reaction disappeared with

a second-order kinetics. Half-life periotig = 120+ 5 us for
AOD = 0.004 at the beginning of the reaction ang= 13 +

1 us for AOD = 0.03 at the beginning of the reaction were
measured from traces recorded at 450 nm. Since the Ni(lll)
species is formed later than the Ni(l) species by a slower process
discussed elsewhere in the manuscript, an extinction coefficient
€ =19 x 108 M1 cm™! was calculated ato, = 450 nm,

i.e., where the main contribution to the spectrum is from the
Ni(I) species. A rate constakt~ 4.4 x 10° M~ s71 for the
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Figure 3. Transient spectra generated in pulse radiolysis of a
N,-deaerated solution containing 2 10* M Cu(Meg[14]4,11-
dieneN)?" and 4.0x 103 M HSO;/SO2. The inset shows the
normalized optical density changes recorded at 410 and 310 nm. Note
that the different slopes correspond to different rates at these two
wavelengths.

reaction between Ni(l) and Ni(lll) products was calculated by
using the half-life periods. The concentrations of Ni(l) used in
the calculation of the extinction coefficient and the rate constant
were equal to the concentration of.g

Cu(Mes[14]4,11-diene)™ was produced in the irradiation
of a Np-deaerated solution of Cu(Mé4]4,11-dienely)2, 2 x
104 M, containing 4x 1073 M HSO;7/SOs?~. The spectral
transformations and reaction kinetics at different wavelengths
indicate that oxidation of the Cu(l) product, eq 13, is mediated
by a reaction intermediate, Figure 3.Also the oxidation of
Cu(dmp)" by SO~ radicals showed spectral changes and a
kinetics in accordance with the formation of reaction intermedi-
ates. In solutions containing 4 107> M Cu(dmp)" and 2 x
103 M HSO;7/SO%™, as a OMscavenger, a bleach of the Cu-
(dmp)" optical density at 450 nm witly, = 5 + 0.2 us
coincided with a growth of the OD at 350 nm that is followed
by a decay of the OD withy, = 20+ 3 us. This optical change
at 350 nm indicates that a reaction intermediate with—= 20
us mediated the oxidation of the Cu(l) complex.

In reactions of 4x 1074 M CuCR™, Ill , or CuTIM?H, IV,
with e 4 the reduced macrocycles Cu€Bnd CuTIM" were
formed withty», < 1 us. These Cu(l) complexes disappeared in
hundreds of microseconds by processes that were kinetically
of second order. Since 4 102 M HSO;™ totally scavenged
OH radicals in less than 0,3s, the disappearance of CuCR
and CuTIM" was ascribed to their respective reactions with
SGs.” radicals, eq 13. The rate constakis = (6.2 + 0.3) x
1® Mt s 1for CuCR" andkiz = (1.3+ 0.1) x 1010M~1s7?
for CuTIM™* were calculated from traces recorded at 675 and
720 nm where the corresponding extinction coefficiegis =
3.0x 1 M tTemtanderny = 7.2 x 108 M~1 cm™ were
determined by means of the dose.

Time-Resolved Observations with NiCR™ and NiCRH 42+.
Pulse radiolysis of pD-saturated 2« 104 M NiCR?2* and 2
x 1072 M HSO;7/SO2-, pH 6.5, produced transients with
intense absorption bands at 290 and 240 nm and much weake
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Figure 4. Transient spectra generated in pulse radiolysis o,@-N

saturated solution containing 220104 M NiCR?* and 2.0x 1073 M

HSO;7/SG:?~. The solution was buffered at pH 6.5 with,PO,~/
HPO?Z".
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Figure 5. Initial processes in the oxidation of NICRH by SQ.~
radicals. The pulse radiolysis experiments were carried out wi®r N
saturated solutions containing 2:0 102 M HSO;7/SO2~ and (0)
1.0x 103 M, (a) 5.0 x 104 M, and ©) 2.0 x 104 M NiCR?". The
value of the OD change at the end of the reactid®Di,s ~ 0.042 at
Aob = 390 nm, was the same for the three concentrations of sulfite.

density near 300 nm, occurred over 20 ms, Figure 4. By
comparison to literature spectra of Ni(lll) complexXés3® an
intermediate with spectral features= 1.3 x 10* M~1cm! at

390 nm ande = 8.2 x 10 M~ cm™® at 530 nm was
characterized as a Ni(lll) species. Because the conversion of
this species to stable products was not completed within the
maximum time range of the pulse radiolysis apparatus, the
reaction kinetics could not be fully investigated. The stable
products also have the spectra and reactivity of Ni(lll) com-
plexes. They survived more th® h indeaerated solutions and
decayed to Ni(ll) species that were investigated by using steady-
state irradiations; see below.

A transient spectrum with bands at 550 and 400 nm was
recorded in pulse radiolysis of J®-saturated 2x 1074 M
NiCRH42" and 2x 1073 M HSO;7/SO2~ at pH 6.5. The growth
of the absorption bands was slower than the scavenging of OH
radicals by HS@/SO;2™, a reaction expected to have a half-
life periodty, < 0.3 us. In addition, the growth of the OD at
550 and 400 nm took place as a biphasic process it~
2.5+ 0.1 us andty, = 30 + 0.3 us. Larger rates of the 550

bands at longer wavelengths. The same spectral features werand 400 nm OD growth were recorded with increasing

observed in the transient spectra recorded with>a 2074 M
NiCR2" and 2x 1073 M HSO;7/SO:?~ solution containing 3

x 1073 M Co(NHg)e®t, instead of NO, as a scavenger of g,

A reaction of the Ni(ll) complex with S@~ radicals accounts
for the spectral changes during the first microsecond following

NiCRH42" concentrations, 4 10°M < [Ni(Il)] <1 x 1073

M, but theAOD value at the end of the reaction remained nearly
constant, Figure 5. These experimental observations showed that
the reactions of S@  with NiCRH,2* and NiCR* have a
similar mechanism.

the irradiation. Subsequent spectral changes, i.e., growth of 390 Reactions with Ni(ll) and Cu(ll) Complexes. To study the
and 530 nm absorption bands and a partial decay of the opticalNi(lll) products lasting a long time in solution, SO radicals
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___J\/LJ\_/L/JJL Figure 7. Spectra showing the formation of Ni(lll) species (a). The
. ] " — spectra were recorded after consecutive 5 min irradiatiopsadiolysis
o T L of a N;O-saturated solution containing 2:010~2 M NiCR?* and 2.0
! @ x 1073 M HSO;7/SO;?~ and buffered at pH 6.5 with ##0, /HPO?".
In (b), inverse plots of the 530 nm optical density vshow the
disappearance of the Ni(lll) species. The key in the figure gives the

concentrations of HS§ for each curve.

end of the time scale in pulse radiolysis were the same as those

E’
E

8 6 4 observed in steady-state and flash photolysis of NiCR
PPM solutions containing Co(N{e*" and HSQ /SO~ at the
Figure 6. NMR spectra of Ni(Me-16-sulfopyo[14]-1,3,6,11-tetra- concen.tratllons indicated abqve. This experiment ver|f|eq that
eneN)* (top) and NiCR* (bottom) recorded in CDGMith 5% Cl- the radiolytic and photochemical methods for the generation of

CCOOD. SOs*~ gave analogous results. On a longer time scale than those
of pulse radiolysis or flash photolysis, the spectra of the

were generated iry radiolysis of NO-saturated solutions irradiated solutions showed a growth of absorption bands with

containing NiCR™, 1 x 1073 M, HSO;7/S0?™, 1 x 1072 M, Amax = 390 and 530 nm, Figure 7a. The decay of the Ni(lll)

and buffered at pH 6.5 with #0,/HPOs2~. Two stable products of the steady-state photolysis exhibited a complex

Ni(Il) products were isolated via anaerobic ion-exchange kinetics, Figure 7b. It approached a second-order kinetics with

chromatography after the decay of the Ni(lll) species, typically the higher HS@/SO;?~ concentrations used in these experi-

24 h after the irradiation. These products were identified by ments, e.g., more than 3:010-2 M. Deviations from a second-

their elemental analyses and YVis and NMR spectra, Figure  order kinetics were observed in solutions with a lower HSO

6. The spectral properties and elemental analysis of one productSO;2~ concentration.

isolated as a bright yellow powder, coincide with one known

in the literature reports by the abbreviated name Ni(CR%2H)  Discussion

V.28 A second product, a dark yellow powder, was identified ) _
on the same experimental basis as Nighé-sulfopyo[14]- The experimental evidence demonstrates that a large number

1,3,6,11-tetraenel, VI, i.e., a sulfonated derivative of ©Of the investigated reactions between sSOradicals and
NiCR2*. The NMR spectra of the compound and the starting coordination compounds of Ni(l or 1) and Cu(l or Il) have more
material, NiCR*, are shown in Figure 6. In relative terms, the complex mt_echan_lsms than an outer-sphere electron transfer. In
yield of Ni(CR-2H}* was less than half the yield of sulfonated  (1€S€ reactions, intermediates have been observed and/or their
product. rate constants are unexpectedly large for an outer-sphere

The effect of the metal on the oxidative addition of SO electron-transfer mechanism. These proceses will be given
radicals was investigated with several complexes. However, noSPecial consideration after the_ discussion of the simpler outer-
redox reactions were observed with CLRERCu(Mes[14]4.- sphere electron-transfer reactions. _
11-dieneN)2*, CuTIM2*, or Ni(Mes[14]4,11-dieneM)2* under Outer-Sphere Electron-Transfer Reactions of S@~. By
the limiting condition indicated in the Experimental Section. Ccontrast to processes with a more complex mechanism, the

By comparison to the reactions described above, the reactionoidation of Ni(Mej[14]4,11-dieneM), CUCR", and CuTIM"
of NiCR2" with SOy~ radicals provided experimental possibili- Py SO radicals produced no reaction intermediates in time-
ties for a study of the reaction products. In addition to the steady- 'esolved experiments. Also, the reaction rate constants in Table
state radiolysis, photochemically generated:S@dicals were 1 deviate by less than 20% from the rate constants calculated
also reacted with NiCR . Steady-statelexc= 360 nm, or flash, ~ for an outer-sphere electron-transfer mechanism with literature
Aexc= 351 nm, irradiations of the ion pair between Co@#i", potentials and self-exchange rate const&ht$>2° In the
5.0 x 103 M, and HSQ/SO:2~, 5.0 x 10 2t0 1.25x 102 absence of evidence to the contrary, it can be considered that
M, were used for the photochemical generation ofySO  these reactions proceed by such a mechanism.

radicals. Flash photolysis revealed the formation ofy'SO Oxidative Addition Reactions of SQr~. The oxidative
radicals according to eq 15, sulfonation of the macrocyclic ligand was confirmed in reactions

of NiICRH42" and NiCR* with SO~ radicals. Indeed, the
3+ — v H+ sulfonated product that was isolated in the reaction of NiCR
[Co(NHg)™, HSO; ] — IPCT— with SO~ |ps indicative of a process proceeding through the
Co™" +6NH," + SO, (15) addition of the radical to the ligand. It is possible that the outer-
sphere electron-transfer reactions between these compounds and
where IPCT is the ion-pair charge-transfer excited state. The SO;*~ radicals are too slow to compete with oxidative additions
UV —vis spectral changes recordediirradiolysis and at the  to the macrocycle. Indeed, the negative redox oxidation
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potentials of the M(II/11l) couples in Table 1 and the small self-
exchange rate constant of the S@SO:2~ result in rate
constantk < 10? M1 s~ for an outer-sphere mechanism. The
rapid formation of intermediates from the addition of the radical
to the ligand suggests that this mechanism could be less

Appendix

Equations 1820 can be condensed in the following equa-
tions:

k—ls

[B]

Kig

kinetically impeded than the outer-sphere electron transfer. The A+SV=—B; K=——= (21)
absorption spectrum of the first intermediate generated in kis Kig [SIV][A]
reactions of NiCR', Figure 4, has features that would be .
expected for a Ni(ll) liganeradical. Indeed, absorptions A+B—=p+pP (22)
between 300 and 400 nm were previously observed in reactions

. . > ) .
where OH radicals add to pyridine derivatives and to the azine 2B -2 op (23)

group of the CR ligand in complexes of Cd', and Cd'.2°

In addition, the absorption spectrum and chemical properties |, ope experimental limit, the equilibration between and B,
of the second and longest lived intermediate are in ac:cordanceeq 21, is faster than the rate of consumption 6fand B via

with those expected for Ni(lll) macrocyclic complex®s?? It gq5 25 and 23. The combined decay of the Ni(lll) species will
is possible to rationalize, therefore, the conversion of the first ;o kinetically of second order with a rate consteate = (ki
intermediate into the second in terms of an intramolecular keoK[SVD)/(1 + K[SV])? that includes the equilibrium
electron transfer, i.e., one that is hampered by a large Marcusqqnsiantk, and the total concentration of sulfite, Y§ Good
reorganization energy. The formation of the reaction intermedi- |;year least-squares fitting to plots of Obvs t with [SV] =

ate and its conversion to a long-lived Ni(lll) product are 1 55, 10-2 M were made under the approximation that the

represented in eqs 16 and 17.

Ni'L* 4+ sQ,” — Ni"(L"-s0)* (16)

7=10us

H™ + Ni'"(L—sO)" ———=[Ni"(L<52%]*" (17)

In eq 16, L is CR or CRhW and L-S0s,~ is a coordinated
ligand—radical. The intramolecular displacement of charge
produces a long-lived Ni(lll) species that precedes the formation
of Ni(Il) products on a time scale> 10 ms, eq 17. A decrease
of the Ni(lll) rate of decay with HS@/SO:2~ concentration
can be accounted for by a reversible sulfonation of the ligand,
eq 18, while equilibrated Ni(lll) species disproportionate by rate-
controlling reactions with a second-order kinetics, eqs4®.

NiIIIL3+ + HS()S_ — [Ni“I(L<§OS)]2+ (18)

[Ni“l(L<aO3)]2+ + Ni|||L3+ . NI'I(L—SQ)+ +
Ni'L** +2H" (19)

Ni"L3 + Ni" L% — Ni"L*" + Ni'(L—2H)*" + 2H" (20)

In reactions where the HSO'SO:2~ concentration was above
3.0 x 1072 M, the relaxation of the equilibrium, eq 18, appears
to be fast in relation to the rate of egs 19 and 20, Appendix.
The ratio of the rate constant to the extinction coeffici&pne

~ 3.1 x 102cm st atly =530 nm, was calculated under
this approximatior¥? If one assumes that the Ni(lll) products
have similar extinction coefficients, the ratio of product yields
found in steady-state irradiations suggests khadz 2.3 x 1072

cm s'1 for eq 19 andkK/e ~ 7.8 x 1073 cm s™! for eq 20 at
Aob = 530 nm. The observed deviations from a second-order
kinetics are accounted for if the rate of relaxation of the equi-

librium, eq 18, approaches the rate of egs 19 and 20, Appendix.

The disparate behavior of NICRand CuCR", the former

undergoes oxidative addition and the latter is unreactive or reacts

slowly with SO~ radicals, is suggestive of some activation of
the macrocycle by Ni(ll). Such activation could be dependent
on the oxidation state of the metal. Indeed, Cu(drh@nd
Cu(Me;[14]4,11-dieneM)* appear to undergo oxidative addi-
tions while Ni(Me;[14]4,11-dienely)" is oxidized by S@~ by
way of an outer-sphere mechanism.

extinction coefficients of the Ni(lll) complexes A and B were
close, i.e.,AOD = ep[A] + €g[B] €([A] + [B]).2® An
approximate value of the association constért 2.1 x 107
M™%, 2kio = (4.8+ 0.8) x 104 M1 s7L andkyp = (1.1 +
0.6) x 103 M~1 s7! were calculated for l= CR from the
dependence ak,, on [SV].

Another experimental limit results when the rate of the
equilibrium relaxation, eq 21, is comparable to the rate of
consumption of A and B via egs 22 and 23. The integrated rate
laws are

~
~

_ ki K[S"1[B] e
(klszK[SIV]) + 2Ky ko[ B] 1—o(1 — e_kla)

2k19k20[B] t=0 t2
KISVIkyg |

[B]

= [B] t_0(1 —at+ afa+

where

2K, Kool B] 1=
4 o 20Bli=o

1 le[B]
kKIS"] A

. ~
k19[B] + leK[SIV]

In the integrated rate law for B, increasing concentrations of
SV will make the overall process of a first-order kinetics.
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