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Ultraviolet Photochemistry of Co'' L(H0)SOst [L = Meg[14]dieneN,, [14]aneNy]
Complexes. Quandaries about the Linkage Isomerization to O-Bonded Sulfite and the
Photogeneration of Cobalt(l) in Sequential Biphotonic Photolysis

S. C. Gibney!* G. Ferraudi,* T and M. Shang

Radiation Laboratory and Department of Chemistry and Biochemistry, University of Notre Dame,
Notre Dame, Indiana 46556-0579
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Two new macrocyclic complexes with S-bonded sulfite, Cofii]diene N)(H,0)SO; and Co([14]ane -
(H20)SG;™, were prepared. The type of the $0linkage in [Co(Mg[14]dieneN;)(H.0)SG;]ClO,4 was established

by means of the X-ray structure (crystal system, orthorhombic; space d?@ih2: (No. 19);a = 7.0342(8) A,

b = 14.696(2) A,c = 23.302(5) A). In a study of the photochemical properties, transient spectra revealed the
photoredox formation of Co(ll) macrocycles and the photoisomerization to O-bonded sulfite. Precursors of these
products were also observed and tentatively identified a an ion pair @0 and 140 ns, respectively) and an
adduct of the S@ radical and the unsaturated macrocyclesfé]diene N, (v = 2.5us). The photogeneration

of SOs*~ was verified by means of the radical’'s ESR spectrum. High power laser irradiations resulted in the
secondary photolysis of the intermediates and the formation of Co(l) products. The mechanism of the primary
and secondary photolysis is discussed.

Introduction be capable of absorbing photochemically supplied energy in
addition to increase the overall reaction rate. The sulfite
complexes of Co(lll) may be interesting materials from the
standpoint of their applications to the thermal and photochemical
oxidation of sulfite. If solar light is required for the sulfite
photooxidation, these catalysts must be photoactive at longer
have been a matter Of Continued interJ€§tAttenti0n to these Wavelengths than 350 nm. Fast anation Of the Corresponding
processes has a basic science motive as well as the need t@quo Co(lll) complexes with S and HSQ~ to regenerate
resolve a number of long-recognized technical problems, i.e., the catalyst will be an important requirement. Moreover, some
gas desulfurization, pollution, and health problem.in Co(ll) macrocyclic complexes are photoactive, e.g., the di-
addressing some of the praCt|Ca| motives of the S(IV) OXidation, methylglyoximatol DMG , CompleX, and y|e|d Co(|) products

it is pOSSible to combine the desulfurization process with the while the |ntegr|ty of the macrocyc”c or pseudomacrocyc”c

The catalyzed and uncatalyzed oxidation of sulfite, eq 1,

HSO,” + 7,0, — HSO,~ )

production of a convenient fuéf? The reactions ligand is preserve# 13 It must be noted that such Co(l)
macrocycles have been used as catalysts for the reduction of

SO,H,O0—HSO, +H, 2 CO; and in the production of 415 These properties suggest

that Co(lll) complexes of various macrocyclic ligands may fulfill
HSGO; + CO,—~HSQ, +CO 3) the requirements for a catalyst or photocatalyst in the oxidations

of aqueous S(IV). Despite the considerable progress made on
illustrate some endoergonic processes where the catalyst musbur knowledge of the photochemistry of Co(lll) compleXeg’
little is known about the photochemical details of the Co(lll)
*To whom all correspondence should be addressed. sulfito complexed8-20 Linkage photoisomerization to O-bonded

T Radiation Laboratory. : ; i _
 Department of Chemistry and Biochemistry. sulfite was observed in the photolysis of Co#80,CH,CH,
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UV Photochemistry of CBL(H,0)SO;™

NH,)2+ and considered a process initiated in the)S{- Co-
(0*) charge transfer state, i.e., LMGJ—coe». By contrast,
sulfite hydrolysis and oxidation, eqs 4 and &iere observed
in the charge-transfer photochemistry of Co(DMG:)23",
DMG~ = dimethylglyoximato.

Co(DMG),(S0O,),% ™ Co(DMG), + SO2 + SO, (4)

Co(DMG)(S0Q,),%~ + H,0 > Co(DMG),(H,0)(SQ) ™ +
SOZ” (5)

Inorganic Chemistry, Vol. 38, No. 12, 1992899

addition of 1.44 g (7.7% 102 mol) of freshly prepared CoS&H,0
under a blanket of Ar resulted in a solution that turned red over an 18
h period. Evaporation caused a nearly 50% reduction of the volume
but no precipitation was observed at this point of the preparation.
Additions of 2.25 g (0.0179 mol) of N&C; and 1:1 methanetwater

until a total volume of 180 céwere made before bubbling,@uring

1 h. The liquid phase was transferred to a 50F &rlenmeyer flask
while the solid phase was partially dissolved in 150°ash water,
filtered and any remaining solid discarded. The two liquid fractions
were mixed together, placed on a steam bath, and bubbled wilbr O

an additional 2 h. Vacuum evaporation of the solvent in a rotary
evaporator at 50C leads to a brown crystalline product. This solid
was filtrated and dissolved in the minimum amount of hot 2:1

We have recently investigated the photochemistry of several methanot-water, and any remaining solid was filtered off. A pure

Co(lll) macrocyclic sulfito complexes. In this report we
communicate our observations about the photoinduced reductio
and linkage isomerization of CoL{B)(SQ)™ (L =Meg[14]dieneN,
[14]aneN).

EN Nj H[‘N NjH
)NJ\/NQ{ H/U\H
Me-[14]dieneN, (14]aneN,

Experimental Section

Materials. Published procedures were followed for the preparation
and purification of CoS@5H,0,2! [Co"(Meg[14]dieneN;)](ClO.,),,%
Meg[14]dieneN-2HCIO,, and [14]aneht4HCIO.% (Warning! The
perchlorate salts used in this study are explesiand potentially
hazardous.

[Co" (Meg[14]dieneNy)(H20)(SOs)]CIO 4. The compound was pre-
pared by an adaptation of the synthesis ofj§a(dimethylglyoximatey
(SG)2]+12H,0.12425 A suspension of 27.09 g (0.0562 mol) of Me
[14]dieneN-2HCIO, in 400 cn? of a 1:1 (by volume) solution of
methanol in water was deaerated for 25 min with Ar in a 506 cm
Erlenmeyer flask. This mixture was heated on a steam baib (C)
while CoSQ-5H,0 (9.27 g, 0.05 mol) was added to it. The pink
suspension, kept overnight at 86 and under Ar, turned green, and a
yellow solid formed in the bottom of the flask. Addition of 14.9 g
(0.115 mol) of NaSO; and bubbling @, instead of Ar, through the
mixture caused the liquid to turn orange and the transitory formation
of a green solid. The green precipitate dissolvedra®tén and the
solution turned red-orange. Any remaining solid was filtered out by

compound was obtained by reducing the volume in a rotary evaporator

2t 35°C until precipitation of a solid. The filtered solid was dried under

vacuum. Yield 0.65 g (18%). Anal. Calcd for [ 14]aneN)(H20)-
(SOYICIOs: C, 26.29; H, 5.75; N, 12.27; S, 7.02. Found: C, 26.33; H,
5.78; N, 12.18; S, 7.08.

Other materials used were of reagent grade and required no further
purification.

Determination of the Crystal Structure. Crystals of [Co-
(Meg[14]dieneN)(SOs)(OH,)](ClO4)-H-O were grown by the liquid
diffusion method A saturated aqueous solution of the complex was
placed in a test tube and layered wi#nt-butyl alcohol. The test tube
was sealed with a cork and placed in a dark cupboard for approximately
one week. The orange platelike crystal used had approximate dimen-
sions of 0.48x 0.22 x 0.05 mm and was mounted on a glass fiber in
a random orientation. Measurements, structure solution and data
refinement were carried out at the Notre Dame X-ray Crystallographic
Facility. Crystallographic parameters are shown in Table 1.

Structure Solution and Refinement.Structure solution and refine-
ment were performed on a PC by using the SHELXTL packége.
Most of the nonhydrogen atoms were found in succeeding difference
Fourier synthesis. Least-squares refinement was carried daf éor
all reflections. After all nonhydrogen atoms were refined anisotropically,
except for the two hydrogen atoms of the solvent water molecule,
difference Fourier synthesis located all hydrogen atoms. In the final
refinement, alkyl hydrogen atoms were refined with riding models,
while those of the amine and water ligands were refined isotropically
with bond restraints. All reflections, including those with negative
intensities, were included in the refinement andltle 20(l) criterion
was used only for calculating R1. The refinement converged to a final
value of R1= 0.0410 and wR2= 0.1007 for observed unique
reflections ( > 20(l) and R1= 0.0496 and wR2= 0.1134 for all
unique reflections including those with negative intensities. The
weightedR factors, wR, are based dn? and conventionaR factors,

R, onF, with F set to zero for negative intensities. The maximum and
minimum residual electron densities on the final differences Fourier

suction over a glass frit after the solution reached room temperature. map were 0.436 ane-0.397 e/R, respectively, and the first 9 peaks

An orange solid was precipitated by reducing the volume of liquid on
a rotary evaporator at 3%. Dark brown needle-shaped crystals about
2—3 mm long were obtained when, instead of the rotary evaporator,

were all around the metal atoms. The full covariance matrix was used
for all esd’s. The cell esd’s were included in the estimation of bond
distances and angles.

the solvent was slowly evaporated at room temperature. The compound  The correctness of the chirality of this structure was confirmed by

was purified by recrystallization from hot methanol. Yield 7.3 g (27%).
Anal. Calcd for [Cd' (Meg[14]dieneN)(H0)(SGy)]CIO4: C, 35.78; H,
6.39; N, 10.44; S, 5.97. Found: C, 35.80; H, 6.42; N, 10.32; S, 6.04.

[Co" ([14]aneNy)(H20)(S0O5)]CIO 4. A solution containing 4.65 g
(7.77 x 1072 mol) of [14]aneN-4HCIO;, in 100 cn? of a 1:1 (by
volume) methanetwater mixture was deaerated for about 30 min with
a stream of Ar while it was heated on a steam batlsg °C). The

(20) Méaecke, H.; Houlding, V.; Adamson, A. W. Am. Chem. Sod.98Q
102 6889.

(21) Jacobson, C. A. liEncyclopedia of Chemical ReactigriReinhold:
New York, 1949; Vol. ll.

(22) Sadasivan, N.; Kernohan, J. A.; Endicot, Jirferg. Chem.1967, 6,
1970.

(23) Curtis, N. F.; Hay, R. WChem. CommuriL966 524.

(24) Schrauzer, G. N. Imorganic Synthesegolly, W. L., Ed.; McGraw-
Hill: New York, 1968; Vol. XI, pp 61-71.

(25) Tsiang, H. G.; Wilmarth, W. Klnorg. Chem.1963 7, 2535.

a near zero Flack absolute structure parameter, 0.69&finement

on its enantiomorph yielded a detrimentally high value of 0.90(3) for

the Flack parameter and higher values of 0.0498, 0.1251, 0.0587, and

0.1363 for the above four corresponding convergence factors.
Photochemical and Radiolytic ProceduresContinuous photolyses

were carried out with light from a 500 W Oriel XeéHg lamp. Light

from the lamp was focused with appropriate fused-silica optics into a

Bausch & Lomb monochromator for the isolation of appropriate spectral

(26) Frenz, B. A. The Enraf-Nonius CAD4 SDP: A Real-time System for
Concurrent X-ray Data Collection and Crystal Structure Determination.
In Computing in Crystallographyschenk, H., Olthof-Hazelkamp, R.,
van Konigsveld, H., Basi, G., Eds.; Delft University Press: Delft,
Holland, 1978.

(27) SHELXTL V.5; Siemens Industrial Automation, Inc.: Madison, WI,
1994,

(28) Flack, H. D.Acta Crystallogr.1983 A39, 876.
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Table 1. Crystal Data and Structure Refinement of
[Co(Mes[14]dieneN)(SO3)(OH)](ClO4)-H-0

Gibney et al.

empirical formula
fw

cryst syst

space group

unit cell dimensions

volume

z

density (calculated)
F(000)

wavelength

absorption coefficient
cryst size

temperature
diffractometer

0 range for data collection
index ranges

scan method

scan rate

scan width

total data collected

unique data

unique observed data } 20(1)]
absorption correction

max and min transmission
refinement method
weighting scheme
data/restraints/parameters
goodness-of-fit off 2

final Rindices | > 20(l)]

Rindices (all data)

absolute structure parameter
largest diff. peak and hole

aR1 = S|F, — Fo|/SFo. PR2 = (SW(Fo — F)IWFAY2, w =
1/0%F,, 03(Fo?) = [S(C + R?B) + (0.02fF2]/Lp2, whereS = scan
rate,C = total integrated peak cour,= total background, and Lg

Lorentz—polarization factor.

lines. Also various Rayonet lamps were used as sources of 254, 300
or 350 nm light was. An electrically activated shutter, placed before
the reaction cell, allowed us to time the irradiations with errors smaller

Q6H35C|CON4095
554.93
orthorhombic
P212121 (NO. 19)
a=7.0342(8) A
b=14.696(2) A
c=23.302(3) A
2408.8(5) A
4

1.530 Mgfn
1168
0.71073 A
0.963 mrh
0.48< 0.22x 0.05 mm
293(2) K
Enraf-Nonius CAD4
2.2310 2499
&h=80=sk=17,-27=<1=<27
wl20
1.278.2&/min (in w)
0.70+ 0.35 tané (in w)
4774
423%(int) = 0.0253]
3817
semi-empirical framscans®
1.0000 and 0.9295
full-matrix oR 2 (SHELXL-93)
sigma weight

Figure 1. Molecular structure of [Co(Mg§14]dieneN)(H,0)SQ]CIO,
showing the atom number scheme. Thermal ellipsoids are drawn at a
50% probability level.

4236/25/345 Solutions of Co(lll) complexes for the photochemical and pulse
1.126 radiochemical experiments were prepared by adding appropriate weights
R1=0.041G of the solid salt to previously deaerated solutions of HCIOquids
ngzo %jgg? were deaerated with streams of-ftee N.

WR2=0.1134 Analytical Procedures. ESR spectra were recorded with a Bruker

0.09(2) ER 080 spectrometer fitted with a TE102 wavebridge ~tiNs spectra

0.436 and).397 e A3 were recorded with a computer-interfaced Cary-219 spectrophotometer.
Multicomponent analysis of spectral changes induced by continuous
photolyses was used for the determination of! (G4eg[14]dieneN)-
(H20),*" and Cd' (Meg[14]dieneN)(H20O)*" concentrations. The ex-
tinction coefficients used in these work were measured with the prepared
compounds under the medium conditions of the experiments. The
modified Kitson procedure was used for the investigation of Co-
'(H20)6".3% IR spectra were recorded with a Bio-Rad FTS 175

spectrometer.

than +0.1 s. Absolute values of the light intensity were determined

with Parker's actinometét or Co(NH)sBr?".3° The intensity of the
light was investigated at various moments of the experiment with a
photocelt-millivoltmeter apparatus.

Results

Characterization and Properties of the Macrocyclic Com-

An apparatus used for 351 and 248 nm flash photolysis experimentsPlexes. The Co(lll) sulfite complexes of [14]aneNand

in a ns to ms time domain has been described in the literature rép&its.

Meg[14]dieneN;, were assigned as monosulfite complexes on

An excimer laser, Lambda Physik LPX 200, was used for time-resolved the basis of their respective elemental analyses. In addition, the
spectroscopy and reaction kinetics longer than 10 ns. In double flash X-ray crystallographic structure of the M&4]dieneN, complex
irradiations, a Continuum Powerlite Nd:YAG laser was synchronized showed that the sulfite was coordinated through the sulfur atom
to the firing of the excimer laser. A fixed delay of the 355 nm flash o Co(lIl), Figure 1 and Tables-13. It was also evident from
from the YAG laser with respect to the 248 nm flash of the excimer his structure that two oxygen atoms of the sulfite were

laser was preadjusted to values equal to or longer thes The flash
intensity was measured by an actinometric procedure described
elsewheré?3In this procedure, acid solutions of Co()sBr?" in 102

M Br~ are irradiated at wavelengths shorter than 380 nm and the
photogenerated concentrations obBare used for the calculation of

the light intensity.

hydrogen-bonded to protons located in the amino groups of the
macrocycle. A splitting of the SO stretching mode at 1010
cm~! was observed in the IR spectra of the complexes. While
a splitting of the S-O stretching is commonly associated with
an O-bonded sulfité333it must be related here to these intrinsic

The apparatus used for pulse radiolysis and the procedures followedinteractions of the sulfite oxygens with surrounding atoms.

for the anaerobic handling of the solutions have been described

elsewheré?

In deaerated or aerated acidic solutions, i.e., in solutions with
1075 to 101 M HCIO,, these Co(lll) complexes were inert.

(29) Hatchard, C. G.; Parker, C. Rroc. R. Soc. London, Ser. 2956

235 518.

(30) Endicott, J. F.; Ferraudi, G.; Barber, J. R.Phys. Cheml975 79,

630.

Less than 10% conversion to €b(H,0),*" (L = cyclam,
Meg[14]dieneN,) was observed over 243 Such inertness with
regard to hydrolysis in acid media is in accordance with
S-bonded complexes:37

(31) Coutosolelos, A. G.; Daphnomili, D.; Scheidt, W. R. FerraudinGrg.

Chem.1998 37, 2077.

(32) Feliz, M.; Ferraudi, Glnorg. Chem.1998 37, 2806 and references

therein.

(33) Nakamoto, K. InInfrared Spectra of Inorganic and Coordination
Compounds3rd ed.; Wiley: New York, 1978.
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Table 2. Bond Lengths (A) for [Co(Mg14]dieneN)(OHy)(SOs)]-

Inorganic Chemistry, Vol. 38, No. 12, 1992901

Table 3. Bond Angles (deg) for [Co(Mg14]dieneN)(OH,)(SOs)]-

(ClO)(H20) (ClO4)(H20)
Co—N(1) 1.921(3) C(5)-H(5¢) 0.96 N(1)—Co—N(3) 178.4(2)  C(9-N(3)—C(8) 118.2(4)
Co—N(3) 1.936(4) C(6)-H(6A) 0.96 N(1)—Co—N(4) 86.2(2) C(9»-N(3)-Co 128.9(3)
Co—N(4) 1.976(4) C(6)-H(6B) 0.96 N(3)—Co—N(4) 94.18(14) C(8¥N(3)—Co 112.7(3)
Co—N(2) 1.9.84(4) C(6)-H(6C) 0.96 N(1)—Co—N(2) 94.3(2) C(15r-N(4)—C(12) 115.2(3)
Co—0(1) 2.044(3) C(7C(8) 1.500(7) N(3)—Co—N(2) 85.4(2) C(15yrN(4)—Co 106.9(3)
Co-S 2.2305(11) C(AH(7A) 0.97 N(4)—Co—-N(2) 179.2(2)  C(12yN(4)—Cl 122.0(3)
Surwey o cmm  px NMRTrol  muiscimMos 0
- —COo— . —
Sﬁ%(g(oz) 2:%&5&) ‘é@ﬂ%@; 8:3; N(4)—Co—0(1) 89.60(14) Ce-N(4)—H(4) 101(3)
Tom ety cmely e MRES0 S MSheS 8
_ —COo— . — .
ﬁ(f)’ﬁ‘g(l) i:ggéggg gg?o}cél(%p\) &9526(7) N(3)—-Co—S 91.13(11) C(&*C(1)-C(3) 114.7(5)
N(2)—C(7) 1.485(6) C(10yH(10C)  0.96 g(é))—gmg lgg-gg(ég)) E((fo(cz();)'*ﬁgg) 10954
—Co— . - .
m(g):ﬁ(g) (:)L.;lggfe) g(llll‘}ﬁ(ﬁ?o\ 3'95723(7) Co—0(1)—H(01) 120(3) C(1)¥C(2)—H(2C) 109.5(4)
NG @ 1z camias oo CoSw a1 Hevcerieg s
N(3)—C(8) 1.483(6) C(12yC(13) 1.525(7) 0(3)-S-0(2) 111.1(3)  C(1}C(3)-C(4) 119.0(4)
N(@4)—C(15)  1.473(5) C(12yC(14) 1.529(6) 0(3)-S-0(4 112.7(2) C(1yC(3)-H(BA)  107.6(3
N(4)-C(12)  1.506(6) C(13yH(13A)  0.96 08 s 054; 108 68 cEch:s; HE3A§ 107 6%3;
Chco  tamay o cugnuo o oS mId dneEiey el
. . —S—Co ) _ _
Sy gk G dn  Gism, W umeeaee
ggg—ﬂgg g-gg g(égggg)c) 2-382(6) C(1)-N(1)—Co 128.6(3) N(2}C(4)-C(3) 107.6(4)
— . . C(16)-N(1)-Co 111.5(3) C(6)C(4)-C(3) 110.5(4)
C(3)-C(4) 1.526(7) C(15¥H(15A) 0.97 C(7)-N(2)—C(4) 115.4(4)  N(2)-C(4)—C(5) 108.3(4)
C(3)-H(3A) 0.97 C(15)-H(15B) 0.97 C(7)-N(2)—Co 105.4(3) C(6)C(4)—C(5) 109.7(4)
C(3)-H(3B) 0.97 C(16¥-H(16A) 0.97 C(4)-N(2)—Co 121.6(3) C(3YC(4)-C(5) 107.7(4)
C(4)-C(6) .1.518(7) C(16)H(16B) 0.97 C(7)-N(2)-H(2) 105(4)  C(4)-C(5)—H(5A) 109.5(3)
C(4)-C(5) 1.530(6) CHO(7) 1.300(13) C(4)-N(2)—H(2) 105(3) C(4)-C(5)—H(5B) 109.5(3)
C(5)—H(5A) 0.96 CH0(10) 1.368(12) Co—N(2)—H(2) 102(3)  H(5A-C(5)-H(5B)  109.5
C(5)-H(5B) 0.96 CHO(12) 1.370(12) C(4)—C(5)-H(5C) 109.5(3) C(9YC(11)-H(11B)  107.6(3)
Cl-0(8 1.40(2 C+O(5 1.424(14 H(5A)—C(5)-H(5C)  109.5 C(12)C(11)-H(11B) 107.6(2)
Cl—oggg 1.40%()14) C+o§1)1) 1.450( ) H(5B)-C(5)-H(5C)  109.5 H(11A)C(11)-H(11B) 107.0
Cl—0(6) 1.405(11) C(4)-C(6)—H(6A) 109.5(3) N(4)>C(12)y-C(11) 108.2(4)
C(4)-C(6)—H(6B) 109.5(3)  N(4y-C(12)-C(13) 112.6(4)
. o H(6A)—C(6)—H(6B 109.5 C(11y-C(12)-C(13 110.3(4
Tlme-ResoIved Spectroscopy and Kinetics of Photo- CE4)_)C(6()_)H(6(C) ) 109.5(2) N((4QC(£2)_)_C(§4)) 109_18
reactions. Flash photolysislexc 248 or 350 nm, of CH- H(6A)—C(6)—H(6C)  109.5 C(11yC(12)-C(14)  107.4(4)
(M66[14]dien(_3Nl)(H20)SQ+ in acidi_c, pH 1.93 or 5.62, de- HES;B—)E%()GS—)E%GC) 188-8(4) g(&ggg%)):ﬁgg%) 1183-50((51))
aerated so_lut_lons mcreasepl the_ optlcal qlensr[y between SQO an (2)—C(T—H(TA) 109_‘9(2) C(12-C(13)-H(13B) 109, 5(3)
500 nm within the 20 ns |rrad|at|or], Figure 2.. The trans!ent C(8)~C(7)—H(7A) 109.9(2) C(13A)yC(13)-H(13B) 109.5
spectra was dependent on the solutions pH as it is shown in theN(2)—C(7)-H(7B) 109.9(2) C(12yC(13)-H(13C) 109.5(2)
top and bottom parts of Figure 2. Further spectral changes wereC(8)~C(7)~H(7B) 109.9(3)  H(13A)C(13)-H(13C) 109.5
observed following the irradiation. Two successive processes ng)A_)E(CB()Z)Eg(;B) igg'i( 4) g((lleészﬁ(jﬁ);a(jz)c) 1183 '55(3)
causing a partial decrease of the photochemically generated 34Q\(3)—c(8)-H(8A) 1101(2) C(12yC(14y-H(14B) 109.5(3)
nm optical density were observed, i.e., one with a lifetime CE7;_C((8))_H28A)) 110.1%2)) HElg;\A)—E:(l)i)—?(M)B) 109.5( )
; ifatime — N(3)—C(8)—H(8B 110.1(2) C(12rC(14)-H(14C) 109.5(3
t(Shoe\:es tavccc)i the other W|thh_a_llfet|rr_1e—_2.5 us. The rate of C(7)-C(8)-H(8B) 1101(3)  H(14A).C(14)-H(14C) 1095
processes exhibited little if any dependences ONyj(gA)—C(8)-H(8B)  108.4 H(L4B)-C(14)-H(14C) 1095
transient species and acid concentrations between pH 5 and 1N(3)-C(9)-C(10) 123.1(5) N(4)C(15)-C(16) 108.6(3)
By contrast, the lifetime for decay of the long-lived component EE%;_C((:EZE);;C&H) ﬁi-ggig gg%&f&;ﬁ&fg&) ﬂg-gg;
of the opt|_cal density near 420 nm va_rled from ten;a_sto ms C(9)-C(10)-H(10A) 109_'5(3) N(4).C(15)-H(15B) 110'_0(2)
as a function of the pH, Figure 3 and inset, but was independentc(g)_c(10)-H(10B)  109.5(3) C(16)C(15)-H(15B) 110.0(3)
of the concentration of the photogenerated species. Least-squares(10A)—C(10)-H(10B) 109.5 H(15A)-C(15)-H(15B) 108.4
curve fitting of exponential decays to the oscillographic traces ﬁg%}?ﬁl&)l—o';gl:(%q 183-2(4) H((gggg)):ﬁggl\) 1138-56((23))
recorde(_j at 420 nm cor_lflrmed that_the rate law was first order H(10B)—C(10)-H(10C) 109.5 C(15) C(16)-H(16A) 109:5(2)
in transient concentration. In addition, the plot of the rate C(9)-C(11)-C(12) 118.8(4) N(1¥C(16)-H(16B)  109.5(2)
constant on acid concentration, measured between pH 5 and 1C(9)-C(11-C(11A)  107.6(3) C(15)C(16)-H(16B) 109.5(2)
resembles a titration curve, inset to Figure 3. The dependenceggg)f_gﬂgf(g()lm) 1121-%(&)1) 'g(lgAcT_Cél(g)fH(lﬁB) 1&’2-%(12)
O(7)-Cl-0(8) 115.0(13) O(8)CI—0O(5) 104.9(10)
(34) The reverse processes, anation of the CeO(tf" complexes by 0O(10)-CI-0(9) 112.7(13) O(6)CI-0(5) 105.4(11)
sulfite, were not exaustively iinvestigated in this work. It was observed, O(12)-CI—0(9) 112.5(11) O(106yCl-0(11) 102.7(11)
however, that a large fraction of millimolar ColL{B)*" was O(7)-Cl—0(6) 113.0(12) O(1xCl-0(11) 111.1(12)
converted to CoL(HD)SGO;* within tens of minutes of mixed with O(8)—CI—0(6) 105.4(11) O(9)yCl-0(11) 101.8(12)

1073to 104 M SOs". It must be noted that this is the time scale of
continuous photolysis.

(35) van Eldik, R.; Harris, G. MInorg. Chem.198Q 19, 880.

(36) El-Awady, A. A.; Harris, G. M.norg. Chem.1986 25, 1323.

(37) Kraft, J.; van Eldik, RInorg. Chem.1985 24, 3391.

of the reaction rate on pH looks like those in the literature for
the hydrolysis of O-bonded sulfite Co(lll) complexes. In this
regard the unstable product absorbing near 420 nm can be
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Figure 2. Transient spectra recorded with 248 nm flash irradiations
of Co(Me;[14]dieneN)(H.0)SQst in deaerated pH 1.03 and 5.62
solutions.
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Figure 3. Typical biphasic decay of the flash-generated 420 nm optical
density, AOD, in 248 nm irradiations of Co(MgL4]dieneN)(H0)-

SGs* in deaerated pH 5.62 solutions. The acid dependence of the rate

constant for the hydrolysis of the O-bonded sulfite complex, Co-
(Meg[14]dieneN)(H,0)OSQG ", is shown in the inset.

identified as C8 (Meg[14]dieneN)(H.0)(0SQ)™, i.e., an O-
bonded sulfite complex. Displacements of the equilibrium
between CH(Meg[14]dieneN)(H.0)(OSQ)* and Cd'-
(Meg[14]dieneN;)(H20)(OSQH)?* account for the pH depen-
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Figure 4. Transient spectra recorded with 248 nm flash irradiations
of Co([14]aneN)(H.0)SGO;™ in deaerated pH 5.80 and 1.09 solutions.

Cd' (Meg[14]dieneN)(H20),2". The ratio of flash photochemi-
cally generated O-bonded sulfite complex to""Qieg[14]-
dieneNy)(H,0),2* changed when solutions were made in
methanot-water mixed solvent with a 3:1 molar relationship.
A larger optical density at 440 nm than at 340 nm revealed
that photolysis in those methanolic solutions produced O-bonded
sulfite complexes with a larger yield than in aqueous solutions.

In terms of the formation of Co(ll) and O-bonded sulfite Co-
(1) complexes, the photochemistry of tt¢14]aneN,)(H.0)-

SO;t was similar to the one described above for''Co
(Meg[14]dieneN)(H20)SQs* for irradiations,dexc 248 or 350
nm, in deaerated acidic solutions. However, only one short-
lived transientgy = 140 ns, was observed at 360 nm instead of
the two observed with Ct(Meg[14]dieneN)(H,0)SQ;, Figure

4.

Photogeneration of Co(l) Products. The photochemical
experiments described above were carried out with low photonic
densities and laser powers to prevent a secondary photolysis of
any product. The spectrum of €¢H>0),™, Amax 700 nm for L
= Meg[14]dieneN, was detected after the 20 ns flash irradiations
with larger laser powers. In Figure 5, the flash-generated optical
density changes at 700 nitnOD%qq, and at 340 NnmAOD%4,
are plotted as a function of photonic density per unit tiha.
comparison of these optical changes reveal that the Co(l) product
concentration increases at the expense of the photoproducts
absorbing at 340 nm, i.e., ¢Meg[14]dieneN)(H20)(0SQ)*
and Cd(Meg[14]dieneN)(H20),?". Also, the quadratic depen-
dence ofAOD%qo0n the laser flash intensity shows that one of
such products, or a precursor of them, must be photolyzed for

dency of the transient spectra between 390 and 500 nm, top(38) The photonic density per unit time was calculated on the basis of the

and bottom of Figure 2. Since the rate of disappearance of

O-bonded species was fast enough between pH 1 and 3, flash

photolysis of solutions with such acid concentrations allowed
the characterization of the second product withx 340 nm as

Br,~ concentration generated by the 25 ns laser flash photolysis of
the actinometet? This quantity increased linearly with the number
of photons in the laser pulse while the later quantity, measured as
total thermal energy, was determined with a Scientek Energy/Power
meter.
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0.5 Reaction of S~ Radicals with Cd'(Meg[14]dieneN,)-
(H20)2*. Since S@~ radicals can in pinciple function as
oxidants and reductants, their reaction with"@des[14]-
dieneNy)(H20),?* was investigated via pulse radiolysis. In these
experiments with NO saturated solutions havig a pH 5, the
pulse radiochemically generate@H radicals were scavenged
with 1072 M HSO;™ to generate S§. The diffusion-controlled
A reaction of the Co(ll) complex withOH was avoided by
,,,,,, ) scavenging S@ with Co'(Meg[14]dieneN)(H20),2 in con-
02 X/ centrations equal to or less thanx810~* M. Spectral changes,
Co"L(SO)" a bleach of the Co(ll) absorption band at 335 nm and the
o (340 nm) growth of absorptions below 250 nm, indicated the nearly
0.1 - ! . quantitative formation of Cth(Meg[14]dieneN)(H20)2**. No
5.0x10" 1.0x10° spectral evidence was observed that supported the for-
_ s mation of the Co(l), CH(Meg[14]dieneN)(H-0)SQst or
[Br, 1/é, Einstein x dm Co'"'(Meg[14]dieneN)(H,0)(OSQ)* products. A rate constant,
Figure 5. Dependence of the flash generated optical absorptions of k = 6.2 x 10’ M~* s71, was calculated from the time-resolved
Co(l), Aop 700 nm, and Co(ll)4e 700 nm, on the laser intensity. recovery of the bleaching of the Co(ll) absorption at 340 nm.
Continuous Photolysis.Monochromatic irradiationslexc =
254, 300, or 350 nm, of G(Meg[14]dieneN)(H20)SGs* in
acidic deaerated solutions 255pH = 1, led to the formation of
g =2.0036 SOs2". A small concentration of Co(#D)s?*, if any at all, was

found in solutions irradiated for very short times, ig¢< 1074
J\M‘ / Since the hydrolysis of O-bonded sulfite complexes detected

Co'L’
(700 nm)

0.4

0.3
AOD |

inflash photolysisisfastat pK 3, Cd'(Meg[14]dieneN) (H2O),2"
and Cd'(Meg[14]dieneN)(H20),*" were the only products
spectrophotometrically detected in 254 nm continuous photoly-
ses when conversions to such products remained below 5%.
Although the C8(Meg[14]dieneN)(H20),2" concentration in-
X d”’l“ b . creased linearly with irradiation time, a diminishing rate of'Co
3100 3300 3500 (Mee[14]_dien6N1)(H20)23+ was megsure_d Wlthln this range of
conversions. The departure from linearity in a plot of th¢'€o
Gauss (Meg[14]dieneNy)(H20),3" concentration vs the irradiation
Figure 6. ESR spectrum of the SO radical generated in 254 nm  time is partly related to the anation of this product by
photolyses of Co([14]ane/NH-0)SQ;" in a 4:1 ethanol/methanol glass  photogenerated S® over longer periodd! The oxidation of
at 77 K. Cd'(Meg[14]dieneN)(H20),2* by sulfite radicals observed in
pulse radiolysis influences also the rate of the photolysis.
the formation of Co(l). To investigate the photochemical source However, concentrations of the Co(ll) photoproduct had to be
of Co(l), deaerated acidic solutions of @eg[14]dieneNy)- larger than those reached with a 5% conversion in order to
(H20)SO;™ were subjected to sequential dual laser irradiations. observe the effect of this reaction. A quantum vyield of'€o
Each 248 nm flash from the excimer laser was followed, after (Meg[14]dieneN)(H20)3", ¢coany = (2.0 £ 0.2) x 1072, and
a preselected delay, by a 355 nm flash from the synchronized@ quantum yield of C(Meg[14]dieneN)(H20)*", ¢coqry =
YAG laser. The photogeneration of Co(l) was only observed (0.40=+ 0.02) x 107, were calculated, therefore, by extrapola-
with delays equal to or shorter thanu®. No Co(l) could be  tion of the product formation rates to the beginning of the
observed when solutions of the Co(lll) complex were irradiated PNOtolysis.
with only one of the lasers and with that laser delivering the
same light powers that it had during the two-laser photolysis.
Since C# (Meg[14]dieneN)(H.0)(OSQ) " and C8 (Meg[14]dieneN)- Irradiation of the macrocycle, [14]anglnd Me[14]dieneN,
(H20)2?* have lifetimes longer than2s in flash photochemical ~ Co(lll) sulfite complexes in their charge-transfer bands
experiments, the photogeneration of Co(l) must be ascribed toproduce S@~ radicals and the corresponding Co(ll) complexes,
the photolysis of a precursor of the products considered above.linkage isomerization to the O-bonded sulfite product and
possibly photoaquation. Since the same product! (Bes[14]-
dieneN)(H20)3", is produced by the photoaquation and the
rapid hydrolysis of the O-bonded sulfite complex, the experi-
. . . mental techniques used in this work provided no information
300 nm for various |.nte9rvals. The I|teratgre ESR s.pect.rum of about the relative weights of the two reaction paths. Time-
the SQ°~ radical aniof® was observed in all the irradiated oqqved spectral changes indicate that the Co(lll) photoproducts
samples with a signal intensity that increased with the duration st pe formed in excited-state processes initiated and com-
of the photolysis, Figure 6. Changes in the shape of the ESR pjeted within the irradiation of the laser. In accordance with
spectrum and/or the appearance of new signals were not detecteghjs experimental evidence and the known photochemistry of
when the irradiation was gradually extended from 10 to 60 s. Co(lll) complexest®~20 it is proposed, that ligand field and/or
sulfite-to-cobalt(lll) charge-transfer excited states, ¥Cdles-

(39) Chantry, G. W.; Horsfield, A.; Morton, J. R.; Rowlands, J. R.; Whiffen,  [14]dieneN)(H20)SQs*, undergo conversions to the indicated
D. H. Mol. Phys.1962 5, 233. Co(lll) products, eqgs 6 and 7, and to a radical-ion pair,"[Co

Discussion

ESR Spectrum of a Reaction Intermediate Glassy solu-
tions of Cd' (Meg[14]dieneNy)(H20)SGst or Cd'" ([14]aneN)-
(H20)SGO;t in MeOH/EtOH at 77 K were irradiated at 254 or
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(Meg[14]dieneN)2", SOs7], eq 8. tants that undergo very slow self -exchange electron transfer,
Kechg = 4.5 x 107 and 8 x 104 M1 s71 respectively®’” A
Co'"'L(H,0)S0," hy rate constantk = 8.0 x 10t M~1 s71, was calculated for the

oxidation of Cd(Meg[14]dieneN;)(H20):°", eq 11, using rate

H . .
o Col'L(H,0),* + HSO; () constants given above and literature redox potenti«fs.
*Coll'L(H,0)S0,* . Co""L(H,0)050," @ Ca'(Meg[14]dieneN)(H,0),”" + SO —
(COMLALOP", $0;]  (8) Cd" (Mey[14]dieneN)(H,0),*" + SO (11)
b3

The discrepancy between experimental= 6.2 x 10’ M1

Such radical-ion pairs are known to undergo recombination or S ) and calculated= 8.0 x 10* M~* s™) values of the rate
separation in aqueous solutions within a nanosedé®rithe constant suggests that eq 11 proceeds by an inner-sphere
presence of reaction intermediates longer lived than radical- Mechanism that provides a 1@nhancement over the rate of
ion pairs is signaled by the photogeneration of Co(l) products the outer-sphere path. A possible association of the radical to
in secondary photolyses and by the spectral changes withthe unsaturated macrocycle bfted]dieneN, could mediate in
lifetimes 60 ns and 2.5 or 14@s in the respective photolyses this reaction. Some evidence about this intermediate will be
of Meg[14]dieneN, and [14]ane complexes. In a time scate considered below in relation to the optical transient with=a

< 10 ns, the metal center can restore an octahedral coordination2-54 lifetime. It must be also noted that eq 11, a second-order

by trapping water without a concomitant oxidation of the metal reoxidation of Co(ll) withk = 6.2 x 10" M~* s™%, cannot
center (egs 9 and 10). compete with the disproportionation and dimerization of the

SOs radicals unless the photolysis of the Co(lll) macrocycles
0 ot .. HO I ot - produces a very high concentration of the Co(ll) product.
[Co'L(H,0)™", SG;™ ] (t <1ns) [Co'L(H;0),", SG T (9) A radical-ion pair process which could also lead to the
formation of the O-bonded sulfite complex, eqs 12 and 13, in
[CA"L(H,0),*", SO, 7] = Cd'L(H,0),”" + S0~ (10) addition to the previously considered eq 7 is too slow.

1ns)

Indeed, these reactions can be regarded as a possible source OICO”L(HZO)H, SloN| Le=tns) Co"L(HZO)(OSQ')+ (12)
spectral changes with lifetimes shorter than a microsecond in
Figures 2 and 4142 The spectral changes agree with expecta-
tions for charge-transfer transitions in a [tLeH,0),%", SO*7]
ion pair. Calculations of these optical energies were based on
methods, values of the redox potentials and reorganization Co"L(HZO)(OSQ’)+—>Co”L(HZO)22++ SO (14)
energies for the Co(lll/ll) couples and O radicals in the
literature reportd®17:39They placed the ion-pair charge-transfer
transitions at wavelengths longer than 360 Him. o complexation to S@- radicals in the ion-pair. The intramo-

It can be argued that the relaxation time of the equilibrium, |0 jar electron transfer, reorganization energies from the

eq 10, and the lifetime of the assoc_iated spec_tra_ll changes mayCo(III)/Co(II) and SQ/SO2~ self-exchange reactions show
reach a value of several hundred nKjthe association constant 4+ the effective nuclear vibration,, ~ 10 s , will be

in eq 10, is large enough, i.e., 2@ K > 10' M™% The back  qiminished by a nuclear factot, ~ 3 x 10174449503 value
electron-transfer in the pair must also be slow with respect to -+ is mainly determined by the small exchange rate constant
the dissociation of the pair to prevent reoxidation of the Co(ll) ¢ ihe macrocyclic coupleiexch = 104 M~1 571, and small
complex. One must inspect the behavior of suffite radicals and ;g energy of the reaction,ccs° ~ —24K) mo‘rl’ Therofore

I 2+ (| — ; ; . ,
Co'L(H:0)*" (L = Meg[14]dieneN, or [14]aneN) in electron- it 5 o)1) ligand-radical species is formed in the solvent cage,
transfer reactions to find a possible rationale for the longevity i \vould undergo processes such as hydrolysis, eq 14, instead

Il 2 o— H ’ ’

of [Co'L(H0)*", SOs] W_'th rega7rd E? tﬁle back—ele(.:Eron of a back electron transfer, eq 13. The larger yield of O-bonded
tranzsjer. Arate constarkeng= 6 x 10°'M™"s™, forthe SQ/ g fite complex in methanolic solutions respect to the yield in
SO~ self-exchange. was reported in the literature on the basis aqueous solution appears to reflect more a medium-dependent

that some S@- electron-transfer reactions obey the Marcus P ; ;
> otophysics, i.e., a medium dependence of the quantum yields
theory#344 This value of the self-exchange rate constant and P Py P q 4

those calculated in these work by using other reactions, €.9.47) Endicot, J. F.: Kumar, K.; Ramasami, T.; Rotzinger, FPidg. Inorg.

Co'L(H,0)(0SQ")" — Cd"L(H,0)(0SQ)" (13)

In eq 12, the Co(ll) recovers an octahedral coordination by

the oxidation of S@~ by Ch~, were in good agreement, i.e., Chem.1983 30, 141.

— x 107 M1 514546 - (48) The rate constank;,, for the cross reaction was calculated with the
kﬁhgo 2£4 :Lt_B)M 1104 L\j/l s 1Ihe macrocyC|eS Cgl equation,klz = (kllkzzKlzflz)llz\le, where Inf12 :{ [(W12 - W21)/RT
(H20)"", (L = Meg[14]dieneN, or [14]aneN) are poor reduc- +1n K2 {4[Was + Wa)/RT + In(10- 2k 1ka]} andWaz = exp—

(W12 + Wo1 — W11 — W22)/2RT account for the various work terms,

(40) Netzel, T.; Endicott, J. KI. Am. Chem. Sod.979 101, 4000. w;j.4! Values for the self-exchange rate constaktsandks,, are given

(41) This proposition is based on the literature strctures of various Co(ll) in the text. The equilibrium constakt, was calculated with the redox
macrocyclic complexe®. potentials of the corresponding couples.

(42) Endicott, J. F.; Lilie, J.; Kuszaj, J. M.; Ramaswamy, B. S.; Schmonsees, (49) The reaction was considered an intramolecular electron transfer with
W. G.; Simic, M. G.; Glick, M. D.; Rillema, D. PJ. Am. Chem. Soc. a rate constank = vncern.*! In this equationy, ~ 1013 s the effective
1977 17, 1032. nuclear frequencyke =~ 1 is the electronic transmission coefficient,

(43) Sarala, R.; Islam, M. A,; Rabin, S. B.; Stanbury, D.l#org. Chem. andin, = exp{ —[(Ao + Ai + AG®)/[4(%o + A)]} is a nuclear factor
199Q 29, 1133. containing the outer and inner sphere reorganization energiesd

(44) Wilkins, R. G. InKinetics and Mechanism of Reactions of Transition Ai, and the reaction’s standard free ener§@&°. The last factor was
Metal Complexes2nd ed.; VCH: New York, 1991; Chapter 5. calculated in this work with the values of the corresponsing self-

(45) Ferraudi, G. Unpublished observations. exchange rate constants of the radical and the Co(ll1)/Co(ll) cdlple.

(46) Ferraudi, GMol. Phys.1997, 91, 273. (50) Sutin, N.Prog. Inorg. Chem1983 30, 441.
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in egs 6-8, than a change in the rate of the ion-radical pair
reactions, egs 9 and 12.

Lifetimes of severalus have been communicated for the
hydrolyses of halides coordinated to related Co(ll) macro-
cycles*2 The hydrolysis in eq 14 could be occurring in a similar

Inorganic Chemistry, Vol. 38, No. 12, 1992905

magnitude, i.e., close to the collapse of the solvent cage; is (
+ ¢2)lps ~ 3. In this rather drastic assumption, it must be
concluded that the photoredox quantum vyield is of the same
magnitude of the quantum yield for the photogeneration of
Co(lll) products.

time scale but without spectral changes that are detectable by Some of the Co(ll) species in eg-86 can now be appraised
our flash photolysis technique. The observed optical changesas sources for the photogeneration of Co(l) in secondary

with a 2.5us lifetime and the secondary photolysis to form Co-

photolyses. Since a literature report has shown that 254 nm

(1) products must be related, therefore, to other transient speciesirradiations of C8(Meg[14]dieneN;)(H.0),%" photoinduces the

The known sulfonation reactions of $O radicals?35+53
suggest that addition of the radical to the diid]dieneN,

hydrolysis of the macrocyclic ligand, this product cannot be
considered the photochemical source of Co(l). Other Co(ll)

macrocycle, eqs 15 and 16, can be the source of thesecomplexes are photoreduced to Co(l) in processes where solvent

experimental observations.

[Ca" (Meg[14]dieneN)(H,0)*", SO, 7] + H,0—
Co'([Meg[14]eneN, — SO; ) (H,0);" (15)

Ca'([Meg[14]eneN, — SO, ])(H,0)%"

T~ 2.5us

(Co" products) (16)

Since [14]anellis a fully saturated macrocycle, no sulfonation

molecules or counterions function as reductdhts® The
observed photogeneration of Co(l) in double-flash, two-
wavelength, irradiations must be ascribed, therefore, to photo-
reactions of CbL(OSGO")™, eq 12, or CH([Me¢[14]eneN, —
SG;1°)(H20).", eq 15. In eq 18 these species are represented
by Cd'L:--SOy'~ and L' is an open or close ring macrocycle.

Il o— hv
CoL SO‘” (Aexc 355 nm)

CdL'(H,0)," (18)

0l +
Co L(H,0)SG, (oxe 248 NM)

is possible and only the 140 ns transient related to eqs 9 and 10

is observed in flash photolysis experiments.

In continuous photolysis, the absence of the GQj"
product implies that the intramolecular electron-transfer, eq 16,
occurs without opening the macrocyclic ligand. The concentra-
tions of Cd'(Meg[14]dieneN)(H20)*" measured in these
experiments suggest that the bis aquo Co(lll) complex could
be the major product of eq 16. Reoxidation of Co(ll) must take
place with the detachment of sulfite, i.e., (Co(lll) products) is
Co''(Meg[14]dieneN)(H20),3** + SOs?~. Results of the con-
tinuous photolysis can now be interpreted in terms of eg$&

In the high intensity 351 nm single flash irradiations, photolysis
of the ion pair, eq 19, may also contribute to the photogeneration
of Co(l).

hv
(Aexc 351 nm)

Cd"L(H,0)S0,"

i 2+ - h
[Co'L(H0),", SO ] (Aexc 351 nm)

[COL(H,0),", SO (19)

It can be concluded that the photochemical behavior of various

Since flash photolysis shows that the acid-catalyzed hydrolysis syfito complexes when irradiated at wavelengths of the charge

of Cd'" (Meg[14]dieneN)(H,O)OSQ™ is fast in acidic solutions,

transfer bands is more complex than has been previously

the O-bonded sulfite complex can be regarded as a reactiongssumed. This type of photochemistry, associated with the first

intermediate in the time scale of continuous photolysis. A
constant ratio between the product yields of (Meg[14]dieneN)-
(H20)22+, ¢'C0(II) =14 x 10_2, and Cdl(M95[l4]dien6M)-
(H20)2*", ¢coqny = 7 x 1072, results, eq 17, when reaction
intermediates in eq-616 have steady-state concentrations during
very short irradiations, i.e., less than 5% conversion to products.

Peoqy _ (P11 @)Ky + kyp + Kig) + d3Kyis _
P3(kg + kqp)

Ineq 17,9, i =1, 2, 3, represent quantum yields of the various
processes, eqs®, andk;, i = 9, 12 15, are the rate constants

for the decay of the radical-ion pair, eqs 9, 12, and 15. If the
rate constantk are assumed to be of the same order of

5 (17
beom) 7

(51) Murray, R. SJ. Chem. Soc., Dalton Tran$974 2381.

(52) Erben-Russ, M.; Bors, W.; Winter, R.; Saran, Radiat. Phys. Chem.
1984 27, 419.

(53) Ozawa, T.; Kwan, TPolyhedron1986 5, 1531.

intense charge transfer band, is most likely related to LM-
CTsp)—coe+ €Xcited states. Linkage photoisomerizarion has been
previously ascribed to a recombination within ion-radical
pairs18-20 However, the experimental evidence in the literature
and the one in this work cannot unequivocally rule out the
unimolecular processes initiated in an excited state, eqs 6 and
7. The photoredox products signal, however, that radical-ion
pairs must have a definitive participation in the mechanism.

Supporting Information Available: Crystal structure listings of
crystal and refinement data, bond distances, angles and thermal
parameters. This material is available free of charge via the Internet at
http://pubs.acs.org.
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