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The electron-transfer oxidation and subsequent celgsaltbon bond cleavage of vitaminBnodel complexes
were investigated using cobaloximes, (REY" (R)(L), where DH = the anion of dimethylglyoxime, R=

Me, Et, Ph, PhCH and PhCH(CH), and L= a substituted pyridine, as coenzymg Biodel complexes and
[Fe(bpy}](PFs)s or [Ru(bpy}](PFs)s (bpy = 2,2-bipyridine) as a one-electron oxidant. The rapid one-electron
oxidation of (DHYCd" (Me)(py) (py= pyridine) with the oxidant gives the corresponding Co(lV) complexes,
[(DH).CaY(Me)(py)]", which were well identified by the ESR spectra. The reorganization engydgr(the
electron-transfer oxidation of (DEHJo(Me)(py) was determined from the ESR line broadening of [({Qid}
(Me)(py)]" caused by the electron exchange with (BEH(Me)(py). Thel value is applied to evaluate the
rate constants of photoinduced electron transfer from (DbijMe)(py) to photosensitizers in light of the
Marcus theory of electron transfer. The Co(fW} bond cleavage of [(DHEo(Me)(py)I" is accelerated
significantly by the reaction with a base. The overall activation energy for the second-order rate constants of
Co(IV)—C bond cleavage of [(DHTL 0V (Me)(py)]" in the presence of a base is decreased by charge-transfer
complex formation with a base, which leads to a negative activation energy for the E&Islgavage when
either 2-methoxypyridine or 2,6-dimethoxypyridine is used as the base.

Introduction On the other hand, it has been reported that the CoQl)

, . bond of methylcobalamin is significantly weakened when
Coenzyme B, (5'-deoxyadenosylcobalamin, AdoCbl)-de- o nnareqd to the Co(IC bond® Although the electron-

pendent rearrangements are initiated by the cefoaitbon bond transfer reduction of AdoCbl is hardly predicted for the

dissociation to g_ener{ité_-aeoxyad(_enosyl rad|_cél? The Co- mechanism of any adenosylcobalamin-dependent or methyl-
gg%;lcéxgso?]ivg'Tjiogéagggr;?ﬁ;%'%? ﬂglgzrr?it&g??r?(:::ation cobalamin-dependent enzymes, the comparison of t_)ond cleavage
1o the bond dissociation mechanisms of coenzymabendent ratgs fqr reduced and unreduced cobamides provided valuable
rearrangemerit.® The nonenzymatic thermal bond cleavage of insight into the nature of the CeC bond?g_* The Co(ll)~C bond

: cleavage rate was too fast to be determined at room temperature;

AdoCbl has also been extensively studied by Finke et al., and - .
. ! therefore the rate was determined electrochemically at temper-
+ _
the activation parameteratl” andAS) of the Co(lll)-C bond atures below-30 °C.2° The one-electron reduction of methyl-

dissociation have been reported as=82 kcal moft and 11 . , .

11-1 . 8 . . cobalamin leads to population of the €@ o¢* orbital, thus
+ 2 cal mol! K™%, respectively.® Under enzymatic reaction facilitating the cleavaod
conditions, however, the enzyme enhances the rate efCCo 9 ge:

bond cleavage by a factor up to'26! as compared to that of Alternatively, the one-electron oxidation may lead to de-
the free coenzym#:10 population of the CeC o orbital, also facilitating the CeC

bond cleavage as indicated by Halpern et&kIn this context,

we have recently reported the one-electron oxidized organoco-
balt porphyrins ([(TPP)Co(Me)(L}J} TPP~ = the dianion of
tetraphenylporphyrin, = substituted pyridines) havé dobalt-

(IV) character depending on R or L and that the dissociation
upward deformation of the corrin-ring pla#&4 Such deforma- energies of the Co(IV-)C_bond are significantly smaller than
tion may be made possible by the flexibility of the corrin ring, those of the corresponding Co(HC bond?® We have also
which has been shown to be in sharp contrast with the rigidity "ePorted facile bond cleavage for the Co(hG bond of

of the porphyrin ring However, the X-ray crystal structure of ~ dialkylcobalt(lV) complexes when compared to the slow cleav-
coenzyme By-dependent methylmalonyl-CoA (MMCoA) mu-  89¢€ _of the corresponding dlalk_ylcobal_t(lll)_ complexes, which
tase has revealed thai# appended 5,6-dimethylbenzimidazole require thermal or photochemical activatithHowever, the
base is not bound directly to cobalt in MMCOA mutase as dynamics of the electron-transfer oxidation and the subsequent
previously believed, but that a protein side-chain histidine Co(IV)—C bond cleavage of B model complexes have yet to
imidazole serves as the axial base coordinated with cébalt. be reported.

Since then, the actual role of the axial base in botk-Cdond We report, herein, the first extensive kinetic data for the
cleavage and heterolysis has been studied extensi/Ely. electron-transfer oxidation of coenzyme;Bnodel complexes,

There have been many mechanisms for the origin of the
enormous enhancement for the-80 bond cleavage proposed
so farl¥~16 Enzymatic compression of the axial €M bond
has been proposed to cause transmission of steric compressio
to the Co-C bond which is activated by the “butterfly”-type
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o-bonded organocobaloximes, [(D€0Y (R)(L)]" (DH™ =the
anion of dimethylglyoxime, R= Me, Et, Ph, PhCh and PhCH-
(CHg), and L= substituted pyridines), and the subsequent facile
Co(IV)—C bond cleavage in the presence of bases. The
reorganization energy for the electron-transfer oxidation of
(DH),Co(Me)(py) (py = pyridine) was determined from the
ESR line broadening of [(DHLJY(Me)(py)]™ due to the
electron self-exchange with (DEG0" (Me)(py). The Co(IV)-C
bond cleavage rate of [(DHFo(Me)(py)]" is accelerated
significantly by the reaction with a base, when the charge-
transfer complexes are formed between [(BEY)(Me)(py)]
and bases. The most striking feature of the Coi€) bond
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CN (0.60 cmd) under 1 atm of argon. The products were
identified by comparing théH NMR spectra with those of
authentic sampledH NMR (400 MHz, C;CN): N-methylpy-
ridinium ion, 6 4.30 (s, 3H), 8.69.2 (m, 5H); N-ethylpyri-
dinium ion, 6 1.57 (t, 3H,J = 7.3 Hz), 4.54 (q, 2H) = 7.3
Hz), 7.5-9.0 (m, 5H).

Kinetic Measurements.Kinetic measurements of the oxida-
tion of (DH)>,Co(R)(L) with [Fe(bpy}](PFs)s in MeCN were
performed on a Hewlett-Packard 8453 photodiode array spec-
trophotometer and a Shimadzu UV-160A spectrophotometer
which was thermostated from 298 to 328 K. Typically, a
deaerated MeCN solution of [Fe(bglPFs)s (1.0 x 1074 M)

cleavage with bases is that the temperature dependence of thevas added to an MeCN solution of (Dio(Me)(py) (1.7 x

second-order rate constants exhibit negative activation enthal-

pies, e.g..—9.5 kJ mof? in the Co(IV)—C bond cleavage with

107% M) by means of a microsyringe in a quartz cuvette (i.d.
10 mm) under Ar with stirring. All kinetic measurements were

2,6-dimethoxypyrindine. Such negative activation enthalpy has carried out with the concentrations of [Fe(bg{fPFes)s main-
never been observed for any bond cleavage reaction, but hadained at>10-fold excess of the concentrations of (REY-

been observed in a number of cases, including Bidlsler,

hydride-transfer, and electron-transfer reactions via charge-

transfer complexes, which lie along the reaction pathta¥’.
Although the Co(IV}-C bond cleavage may not be involved
in the facile Ce-C bond cleavage in the enzymatic reaction,

(R)(L). Rates of the oxidation of (DHEo(R)(L) with [Fe-
(bpy)](PFs)s in MeCN were monitored by measuring the
increase of absorbance due to [Fe(Rp) at Amax = 520 nm
(emax = 8.7 x 10° M~1 cm™1) in MeCN at 298 K3° Kinetic
measurements of the oxidation of (D@p(Me)(py) with [Fe-

the observation of a negative temperature dependence on th€bpy)](PFs)s in the presence of pyridine derivatives in MeCN

facile Co(IV)—C bond cleavage provides valuable insight into
the cobalt-carbon bond activation mechanism.

Experimental Section

Materials. Cobalt chloride and iron sulfate were purchased
from Nacalai Tesque. Dimethylglyoxime and 2i#pyridine
were purchased from Wako Pure Chemicals. Organo-
cobaloximes, (DH)Co(R)(L) (R = Me, Et, Ph, PhCh and
PhCH(CH), L = substituted pyridines and,B) were prepared
by following the literature metho#—3! They are purified by a
Soxhlet extraction with dichloromethane, and then recrystallized
with dichloromethane/aceton#d NMR spectra were measured
on a JEOL NMR spectrometer, GSX-400 (400 MHz) and JEOL
JMN-AL300 (300 MHz) (see Supporting Information (S1) for
the NMR data of (DH)Co(R)(L)). Since the (DH)o(R)(L)
compounds are light sensiti#&3'the compounds were kept in
the dark and all experiments were carried out in the dark.

Tris(2,2-bipyridine)iron(lll) hexafluorophosphate, [Fe(bgly)
(PFs)3, was prepared from a reaction between iron(ll)sulfate
heptahydrate and Z;Bipyridine followed by oxidation of the
resulting iron(ll) complex by ceric sulfate in aqueousSiy.32
Tris(2,2-bipyridine)ruthenium dichloride hexahydrate, [Ru-
(bpy)]Cl2*6H,0, was obtained commercially from Aldrich. The
oxidation of [Ru(bpy3]Cl, with lead dioxide in aqueous H
SOy produces [Ru(bpy)3 which was isolated as the PFalt,

were performed on a UNISOKU RSP-601 stopped-flow rapid
scan spectrophotometer with the MOS-type highly sensitive
photodiode array at various temperatures (2388 K) using

an UNISOKU thermostated cell holder designed for low-
temperature experiments. Typically, MeCN solutions of pyridine
derivatives and [(DHCAY(Me)(py)]" (2.2 x 10-5 M) produced

by mixing Fe(bpyJ" (5.0 x 107% M) with (DH).Cd" (Me)(py)

(2.2 x 1075 M) were transferred into the spectrophotometric
cells. The first-order rate constants were determined by least-
squares curve fits using a personal computer. The first-order
plots were linear for 3 or more half-lives with the correlation
coefficientp > 0.999.

Fluorescence QuenchingQuenching experiments of the
fluorescence of phenanthrene, anthracene, pyrene, and [Ru-
(bpy)]?" were performed using a Shimadzu RF 5300PC
fluorescence spectrophotometer. The excitation wavelengths
were 345, 375, 372, and 450 nm for phenanthrene, anthracene,
pyrene, and [Ru(bpy)?" in MeCN, respectively. The monitor-
ing wavelengths were those corresponding to the maxima of
the emission bands at = 488, 398, 460, and 600 nm,
respectively. The solutions were deoxygenated by argon purging
for 10 min prior to the measurements. Relative emission
intensities were measured for an MeCN solution containing
photosensitizer (2.0x 1075 M) with (DH),Co(Me)(py) at
various concentrations (1.5 107°to 2.5 x 107* M). There
was no change in the shape but there was a change in the

[Ru(bpy)](PFe)s.* Phenanthrene, pyrene, and anthracene usedintensity of the fluorescence spectrum from the addition of
as photosensitizers were obtained commercially. Pyridine and(pH),Co(Me)(py). The SternVolmer relationship (eq 1) was

substituted pyridines (3,5-dichloropyridine, 4-cyanopyridine,
3-chloropyridine, 3-picoline, 3,4-lutidine, 4-(dimethylamino)-
pyridine, 3-bromopyridine, 2-picoline, 4-picoline, 4-amino-
pyridine, 3-butylpyridine, 2-methoxypyridine, and 2,6-dimeth-
oxypyridine) were also obtained commercially and purified using
standard method¥.Tetrabutylammonium perchlorate (TBAP),
obtained from Fluka Fine Chemical, was recrystallized from

obtained for the ratio of the emission intensities in the absence
and presence of (DEEo(Me)(py) (o/l) and the concentrations
of (DH).Co(Me)(py).

|/l =1+ Kg,[(DH),Co(Me)(py)] 1)

The observed quenching rate constakfs(=Ksvt™?) were

ethanol and dried in vacuo prior to use. Acetonitrile used as a obtained from the SterrVolmer constant&sy and the emission

solvent was purified and dried by the standard proceéttre.
Acetonitrile-ds (CD3sCN) was obtained from EURI SO-TOP,
France.

Reaction Procedure.Typically, (DH:LCo(R)(py) (R= Me
and Et, 1.0x 102 M) and [Fe(bpy}](PFes)s (2.0 x 1073 M)
were added to an NMR tube which contained deaerategt CD

lifetimes 7.

Cyclic Voltammetry. Cyclic voltammetry measurements
were performed at 298 K on a BAS 100W electrochemical
analyzer in deaerated MeCN containing 0.1 M NBID, as
the supporting electrolyte. A conventional three-electrode cell
was used with a gold working electrode (surface area of 0.3
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TABLE 1: One-Electron Oxidation Potentials (ESx vs SCE) TABLE 2: One-Electron Oxidation Potentials (Eéx vs SCE)
of (DH).Co(Me)(L) and ESR Parameters §; and Aycg) of of (DH)-Co(R)(py) and ESR Parameters ¢, and Ayco) of
[(DH),Co(Me)(L)] ™ in MeCN [(DH)2Co(R)(py)]" in MeCN
no. L K2 ESe V) Qi Aico) (G) R E52 (V) (o] Aico(G)
1 3,5-Chpy 0.67 0.84 2.0206 26.7 PhCH(CH) 0.80 2.0345 26.3
2 4-CNpy 1.86 0.80 2.0215 26.4 PhCH 0.80 2.0344 26.4
3 3-Clpy 2.81 0.84 2.0206 26.3 Et 0.82 2.0319 26.6
4 3-Brpy 2.84 0.83 2.0199 26.2 Ph 0.86 2.0223 26.2
5 py 5.28 0.85 2.0212 26.3 -
6  3-Mepy 5.79 0.82 2.0213 26.7 #Containing 0.1 M TBAP.
7 2-Mepy 5.96 0.81 nd nd
8  4-Mepy 5.98 0.84 2.0244 26.6
9 34-Mepy 6.46 0.82 2.0211 26.9 |
10  4-MeNpy 9.71 0.80 2.0216 29.1 0.9 o (a) (DH),Co(Me)(L)
11 3-Bupy 0.81 nd nd
12 H0 7.00 0.86 2.0254 27.3
aTaken from ref 38> Containing 0.1 M TBAP¢ Determined in >
MeOH/MeCN (1:1 vAv). W 08
@
mn?) and a platinum wire as the counter electrode. The Pt g
working electrode (BAS) was polished with a BAS polishing ?f
alumina suspension and rinsed with acetone before use. The 0.7
measured potentials were recorded with respect to the Ag/
AgNO; (0.01 M) reference electrode. All potentials (vs Ag/
Ag™) were converted to values vs SCE by adding 0.2% V. 06

The Ey, value of ferrocene used as a standard is 0.37 V vs
SCE in MeCN under the present experimental conditions. All

electrochemical measurements were carried out under 1 atm OfFigure 1. Dependence of the one-electron oxidation potenEs) (of

argon. a) (DH):Co(Me)(L) ©©) and (b) (TPP)Co(Me)(L)®)% on the [K, of
ESR MeasurementsESR spectra of [[(DHCo(R)(py)]" in (L.)N(umz)zers(ref()a(r t)o(L)in Ta&alze(l. JCoo® X

MeCN were measured with a JEOL X-band JES-RE1XE

spectrometer and were recorded under nonsaturating microwaveyond cleavage in [(DHCo(R)(L)]" occurs at a much slower

power conditions. The magnitude of the modulation was chosenrate than the cyclic voltammetry time scale.

to optimize the resolution and the signal to noise ratio (S/N) of  The E2, values of (DH)Co(Me)(L) are nearly constant

the observed spectra. Thevalues were calibrated using an  regardless of thek, value of L38 as shown in Figure 1 (open

Mn?* marker, and the hyperfine coupling constants were circles). This is in sharp contrast to those of (TPP)Co(Me)(L)

determined by a computer simulation using a Calleo ESR Il (Tpp- = the dianion of tetraphenylporphyrin, % substituted

program coded by Calleo Scientific Software Publishers. pyridines) which decrease with an increase in the pf L
Theoretical Calculations. Density-functional theory (DFT)  (closed circles in Figure 2

calculations were performed on a COMPAQ DS20E computer.  Thigdifference in the dependence Bx on pKa between

The ionization potentials|f) of pyridine derivatives were (DH),Co(Me)(L) and (TPP)Co(Me)(L) may result from the

determined from the energy differences between neutral andjiference in the flexibility of (DH) and TPP rings. As thea

radical cations! Geometry optimizations of pyridine derivatives of | increases, the electron density on the metal also increases,

and their radical cations were carried out using the B3LYP |e5ding to the negative shift of th, value in the case of (TPP)-

functional and 6-31G** basis set with the restricted and Co(Me)(L) as shown in Figure 1b. In the case of (BE)-

unrestricted HartreeFock formalism as implemented in the (Me)(L), however, the stronger binding of L with the larger

Gaussian 98 program. pKa value results in the deformation of the (DH)ng, which
. . leads to the weaker binding of Co with nitrogens of (RHigs.
Results and Discussion These opposite effects cancel each other out to mak&ghe
Electron-Transfer Oxidation of (DH) ,Co" (R)(L). The one- value constant regardless of th€ of L as shown in Figure 1.
electron oxidation potentialsEf, vs SCE) of (DH)Cd"(R)- The one-electron oxidation of (Db0"(R)(py) has been

(H20) in an aqueous solution were reported previously as 0.849 performed using [Fe(bpy]f™ as an oxidant. Since the one-
V (R = p-CH3CeH4CHy) and 0.902 V (R= Me).2! The E3 electron reduction potential of [Fe(bp}d™ in MeCN (Efeq =
values of (DH)Cd" (R)(L) (R = Me, Et, Ph, PhCk and PhCH- 1.04 V vs SCE) is more positive than the one-electron oxidation
(CHg), L = various pyridines and D) in MeCN were also potentials of (DH)CA" (R)(py) (ESx = 0.85 V vs SCE) but less
readily determined by the cyclic voltammograms which give positive than the second oxidation potentials, only one-electron
the reversible one-electron redox waves (see Supporting Infor-oxidation of (DHCd" (R)(py) is expected to occur. The one-
mation S2). No second oxidation wave was observed in the electron oxidized complexes, [(Dk)0V(Me)(L)] " with a series
potential region less than 1.5 V. Tl values of (DH)Co'" - of L groups and [(DH)CdV(R)(py)]" with different R groups,
(Me)(L) with different axial base pyridine ligands (L) are listed were produced by the one-electron oxidation of (BEH(R)-

in Table 1 together with theky, values of L38 The ES, values (L) with [Fe(bpy)]®". The ESR spectra were measured in frozen
of (DH),Cd"(R)(py) with different R groups (R= Me, Et, Ph, MeCN at 153 K. The ESR spectra revealed the characteristic
PhCH, and PhCH(CH), py = pyridine) are also listed in Table  patterns of eight hyperfine lines from the interaction of the
2. The cyclic voltammograms of all (DkJo(R)(py) complexes  unpaired electron with one cobalt nucleus € 7/2, see

in Tables 1 and 2 show reversible waves in MeCN even at a Supporting Information S3). The ESR parametgisiidAyco)
slow scan rate (20 mV3) at 298 K, indicating that the GeC are also listed in Tables 1 and 2. Theand Ayco) values of
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Figure 2. ESR spectra of [(DHLdY(Me)(py)]" generated by the
electron-transfer oxidation of (DK}o(Me)(py) ((a) 6.0x 1073, (b)
2.0 x 1072, and (c) 2.8x 1072 M) with Fe(bpy}(PFs)s (5.0 x 1074
M) in MeCN at 243 K and computer simulation spectra with=
2.0254,a(Co) = 13.9 G, anda(4N) = 2.5 G, andAHns = (a) 1.8, (b)
2.4, and (c) 3.0 G.

[(DH),Co(R)(L)]" are insensitive to the type of R and thi§p
of L, and they are virtually the same as those of [(BEY(R)-
(H20)]*, which have previously been identified as the corre-
sponding organocobalt(IV) speci&s®®4! Thus, the site of
electron removal from all (DHTo(R)(L) complexes is the
cobalt atom rather than the (DHjgand.

The ESR spectrum of [(DHEo(Me)(py)]" produced by the
one-electron oxidation of (DHLo(Me)(py) with [Fe(bpy3]3*
was observed in MeCN at 243 K as shown in Figure 2 which
reveals the characteristic patterns of eight hyperfine lines from
the interaction of the unpaired electron with one cobalt nucleus
(I = 7/2) and four equivalent nitrogens of the (QHigand.
The ESR parameterg & 2.0254,a(Co) = 13.9 G, anda(4N)

= 2.5 G) are essentially the same as those reported for

[(DH),Co(Me)(H0)]*.2142

The hyperfine splitting constants and the maximum slope line
widths (AHms) were determined from a computer simulation
of the ESR spectrum. Th&H g value thus determined increases
linearly with an increase in the concentration of (BEQ(Me)-
(py) as shown in Figure 2&ac. The line width variations of the

Ohkubo and Fukuzumi

electron self-exchange reactions between (@dfMe)(py) and
[(DH),Co(Me)(py)I" (eq 2) were determined using eq 3

Me

Q\ ”O"_H‘ Q\ /lo"_H‘
=N o) =N o)
\N-—Co"*‘/N . Sy ‘_\CDM/N
o, | N{“ o, | N= -
H-- H--
Z /N
) )
[(DH),Co!Y (Me)(py)I* [(DH),Co(Me)(py)]

[(DH),Co™(Me)(py)] + [(DH),Co™V(Me)(py)l* (2)

152 10" (AHpq — AH )
K= "= P)IOH),CoMe)py)]

whereAHmg and AHg,g) are the maximum slope line width of
the ESR spectra in the presence and absence ob@"jMe)-
(py), respectively, andp; is a statistical factor which can be
taken as nearly zer8.The ke value determined from the slope
of the linear plot ofAHmg vs [(DH)Co(Me)(py)] is 8.4x 10°
M~1 s1 (see Supporting Information S4). The reorganization
energy {) of electron self-exchange between (BEY" (Me)(py)
and [(DHXCoV(Me)(py)]* is determined from th&ey value as
9.1 kcal mot? using eq 4

®3)

A= 4RTINZ{ (k) " — (ki) ] (@)
whereZ is the collision frequency (k 10 M~1 s™1) andKkgj

is the diffusion-limited value in MeCN (2.6 101°M~-1s71).44
The ke value of Co(IV)/Co(lll) is faster than that of reported
Co(ll)/Co(lll) systems (9.3x 1072to 9.5 x 10* M1 s1) 45
The A values are smaller than those of fast electron-transfer
exchange systems suchmbenzoquinone/semiquinone radical
anion (13 kcal mot! in DMF).#¢ The smalla(4N) value (2.5

G) of [(DH),Co(Me)(py)I" (cf. a(4N) = 16 G for Cu(DH})
indicates that the unpaired electron is the p-typedrather
than theo-type d, metal orbital (the coordinate system adopted
for [(DH)2Co(Me)(py)I" has thez axis along R-Co—py with
thex andy axes in the molecular plane bisecting the Glo—N
angles)® Removal of an electron from thezd, orbital results

in little structural change on the electron-transfer oxidation of
(DH).Co(Me)(py). This may be the reason for the smialalue

of the electron self-exchange between (BEY)(Me)(py) and
[(DH)2Co(Me)(py)I".

The fluorescence of phenanthrene was quenched by,(TaH)
(Me)(py) by electron transfer from (DHFo(Me)(py) to the
singlet excited state of phenanthrene. The fluorescence of
anthracene, pyrene, and [Ru(bf}¥) is also quenched efficiently
by (DH),Co(Me)(py). The electron-transfer rate constakgg (
of the fluorescence quenching are determined from the slopes
of the Sterr-Volmer plots and the lifetime of the singlet excited
state (see Experimental Section). The free energy change of
photoinduced electron transfer from (DI&p(Me)(py) to the
singlet excited stateAGg; in electronvolts) is given by eq 5

= e(Eoox - Eored) ()

wheree is elementary charg&gy is the one-electron oxidation
potential of (DHY}Co(Me)(py), andEfq is the one-electron
reduction potential of the singlet excited-state electron accep-

tor#748 The AGg, values are largely negative as listed in Table

3, indicating that the fluorescence quenching occurs efficiently

ESR spectra can be used to investigate the rate processesia photoinduced electron transfer from (DBb(Me)(py) to

involving the radical specie¢®. The rate constantskdy) of

the singlet excited state of the electron acceptor. The rate
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TABLE 3: Fluorescence Lifetimes ) and Reduction 1.0
Potentials Erq) of the Singlet Excited State of
Photosensitizers, Free Energy Change of Electron Transfer £ 06
(—AGg), and Rate Constants Ke;) of Photoinduced Electron 0.8 é
Transfer from (DH) ,Co(Me)(py) to the Singlet Excited State © 05 <& <— 2nd step
of Photosensitizers in Deaerated MeCN at 298 K s
204
Eaavs  AGY S o6 5|« tstotep
no. oxidant t(nsp SCE(V) (eV) kea(M1s™) 8 o3
1 phenanthrene* 61 1.39 —-0.54 2.0x 10'° 3 i R 2002_4000 6000
2 anthracene 53 1.38 —0.53 1.9x 10© 2 04 me. s
3 pyrene* 475 1.23 -0.38 1.2x 101
4  (DH).Co(Me)(py} 0.85 0  1.9x 10
(8.4 % 10B)e 02
5  [Ru(bpy)]>* 850 0.77 0.08 2.6< 108
a Asterisk (*) denotes the excited stateTaken from refs 47 and 0 . . L L
48. ¢ Electron self-exchange rate constant between ¢DBI}(Me)(py) 400 500 600 700 800
and [(DHRCaY(Me)(py)]" determined from the line width variation Wavelength, nm
of ESR spectra? Value at 298 K evaluated from thievalue using eq . . .
4. ¢ Determined at 243 K. Figure 4. Visible spectral change observed in electron transfer from
(DH).Co(Me)(py) (1.7x 1075 M) to Fe(bpy}(PFs)s (1.0 x 1074 M)
11 in MeCN at 298 K with a prolonged reaction time<{6000 s, 300 s
interval). Inset shows time dependence of absorbance at 520 nm.
2.0
= R = PhCH,
P .
|§ 1.5 [—4 a A A &
o S
% & 1.0
e
R =Me
05§ & & —¢—§
7 L L L
-0.6 -0.4 -0.2 0 0.2
AG% eV 0 ‘ - -
Figure 3. Plot of ket vs the free energy change of electron transfer 12 20 25 30 85 40
(AGg) for fluorescence quenching of various photosensitizers by 10%[Fe(bpy)s>* or Ru(bpy)s>*], M

(DH),Co(Me)(py) in MeCN at 298 K. The curve represents the best Fi 31 347

. - o f gure 5. Plots ofkops vs [Fe(bpy)3*] or [Ru(bpy)**] in the second

fll'glgléh?? Marcus equation (eq 6). Numbers refer to photosensitizers in electron-transfer oxidation of (DEJo(R)(py) (R= Me and PhCh)
) (1.7 x 10°% M) with [Fe(bpy)®'] (O and a) or [Ru(bpy}*'] (® and

. . . A) in deaerated MeCN at 298 K.
constantsig) of the fluorescence quenching via photoinduced )

electron transfer are listed in Table 3, where khevalues are  tored even with a stopped-flow technique. However, the initial
in the range of 1.2 10'%to 2.0 x 10'*® M~1 s71, being close fast one-electron oxidation of (Dk}d"(Me)(py) with more

to the diffusion limitin MeCN at 298 K# A plot of ket vs AG than 2 equiv of [Fe(bpy)®" is followed by the second one-
is shown in Figure 3 which demonstrates a typical dependenceelectron oxidation which is much slower than the first oxidation.
of the rate constant for photoinduced electron-transfer reactionsA typical example for the spectral change is shown in Figure

on the free energy change of electron transfe@g); the log 4, where the absorption band due to [Fe(RpYy) appears
ket value increases with a decrease\iGg; to reach a diffusion-  stepwise in the oxidation of (DHEo(Me)(py) with [Fe(bpyj]3*.
limited value kqf = 2.0 x 101° M~1 s71 in MeCN)2#* The The stoichiometry of the two-electron oxidation of the reaction

dependence ok on AGg; for adiabatic outer-sphere electron is given by eq 7 which is based on product analysis (see
transfer has been well established by Marcus as given by eq 6Experimental Section).

1_1, 1 ©  [OH)CI"(Me)(py)] + 2[Fe(bpyy ™ —
ket Kaii  Zexp[(~A/4)(1+ AG°fA)TkgT] [(DH),C0"] + 2[Fe(bpy}]?* + N-MePy" (7)

where/ is the reorganization energy of electron transfer and  The rate of the second one-electron oxidation step of
ks is the Boltzmann constaft:#° By fitting the data in Figure (DH),Co(PhCH)(py) obeys first-order kinetics, and the first-
3 with the Marcus equation for bimolecular ET reactions (eq order rate constankd,9 remains the same with variation of
6), we obtained & value of 10.5 kcal mol, which agrees the [Fe(bpy)]®* concentration used in excess as shown in Figure
with the value from the change of the line width of the ESR 5. First-order kinetics have also been reported for the oxidative
spectra. decomposition of (DH)Co(R)(H:O) at room temperaturé.The
Rates of Co(IV)—C Bond Cleavage As expected from the  kqps value was determined to be 151073 s™1 at 298 K, and
small 4 value in Figure 4, the first one-electron oxidation of the same value was obtained for the oxidation of (EL®)
(DH).Co(Me)(py) with [Fe(bpyj]3* was too fast to be moni-  (PhCH)(py) with a stronger oxidant, [Ru(bpy$* (Efeq vs SCE
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Figure 6. ESR spectrum of [(DHCAY(Me)(py)]" produced in the
reaction of (DH)Co(Me)(py) (1.0x 1072 M) with Ru(bpy)k(PF)s (1.0
x 1073 M) in deaerated MeCN at 298 K. Decay of the ESR signal of
[(DH).CadV(Me)(py)I" and the first-order plot.

= 1.24 V)23 This constant dependence lef,s on the oxidant
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Figure 7. Plots ofkqps VS concentrations of pyridine derivatives for
the Co(IV)—C bond cleavage of [(DHTdY(Me)(py)]" in the presence

0
0.5

concentration indicates that the rate-determining step for the of pyridine derivatives in deaerated MeCN-a85 °C.

second one-electron oxidation is the cleavage of theCbond
of [(DH)2Co(R)(py)]" to give R" which is readily trapped by
the coordinated pyridine to yield the alkylpyridinium ion
(Rpy").50 Electron transfer from (DBC0o'(py) to [Fe(bpy}]®*
should proceed efficiently since (QHC0' (py) can act as strong
reductant and can also be oxidized by [Fe(BgPy)in MeCN.
In the absence of excess [Fe(bg}y), the formation of
(DH),C0d'(py) was confirmed by the ESR measurentfénthus,
homolytic bond cleavage of the Co(I¥ bond may be
unlikely to occur in this case, because homolytic cleavage would
result in the formation of (DHCO"(py). The quantitative
formation of alkylpyridinium ion was confirmed by thel NMR
spectrum (see Experimental Section).

When the rate-determining step is the-8® bond cleavage
of [(DH)2Co(R)(py)]", the rate of formation of [Fe(bpy]f™ at

f\T
v )L)I
p

In(kg, M1 s7)

L B
[ MeO” "N” “OMe

0 1 Il
34 36

3.8 4.0
10371, K1

the second step should be the same as the rate of disappearance

of [(DH)2Co(R)(py)I" (eq 8).

dl[Fe(bpy)]*/dt = kypd [2[(DH),Co(R)(pY)Tk —
[[Fe(bpy)l*'1} = —d[[(DH) Co(R)(py)I l/dt =
kopd[(DH) .CO(R)(PY)T'] (8)

This was confirmed by monitoring the disappearance of
[(DH)2Co(R)(py)I" by ESR as shown in Figure 6, where the
ESR spectrum of [(DHCAY(Me)(py)]™ produced in the one-
electron oxidation of (DH)Co(Me)(py) (1.0x 1073 M) with
Ru(bpy}(PFs)z (1.0 x 102 M) was measured in deaerated
MeCN at 298 K. The slow decay of the ESR signal of
[(DH).CdV(Me)(py)]" obeys first-order kinetics (eq 8, Figure
6 inset), and the observed first-order rate constkgt € 4.9

x 1074 s71) agrees with thésvalue (5.0x 1074 s™1) obtained
from the rate of formation of [Fe(bpyf" at the second step
within experimental error£5%). Thus, what we are observing
as the rate of second electron transfer to form [Fe@py)s
the rate of cleavage of the €e-C bond of [(DHYCdV(R)-
(py)]IT produced in the first rapid electron transfer from
(DH),Cd"(R)(py) to [Fe(bpyj]®*, since the subsequent electron
transfer from (DH)CO'(py) to [Fe(bpy}]®" to produce [Fe-
(bpy)]%" is much faster than the cleavage rate.

In the presence of excess pyridine, the Coff@ bond
cleavage of [(DH)CadV (Me)(py)I* occurs rapidly to yield the
N-methylpyridinium ion (Mepy). The rate constants of the Co-
(IV) —C bond cleavagekf,9 were determined by monitoring
the increase of the absorption band due to [Fe@pyX1 =

Figure 8. Arrhenius plots of the second-order rate constakfsdf
the Co(IV)-C bond cleavage of [(DHEJY(Me)(py)]" with various
pyridine derivatives.

concentration of pyridine to reach a constant value as shown in
Figure 7. This indicates that the rate-determining step for the
second electron-transfer step is the cleavage of the CeV)
bond of [(DH)RC0V (Me)(py)]" and that the bond-cleavage step
is accelerated by the presence of pyridine as shown in Scheme
1. When pyridine is replaced by a stronger base (3,4-dimeth-
ylpyridine), thekqps value becomes larger when compared to
the corresponding value of pyridine, whereas a weaker base (3-
bromopyridine) gives a smalldgys value (Figure 7). If the
saturated dependence lef,s on base concentrations is caused
by the rate-limiting Co(IV)-C bond cleavage followed by the
facile reaction with a base, the constégj value would be the
same regardless of the type of base. Thus, the dependence of
the kops values on the different bases in Figure 8 indicates that
[(DH),CaV(Me)(py)]" forms a complex with a base prior to
the heterolytic cleavage of the Co(IWL bond (Scheme 1).
The fastest rate constant of Co(IVE bond cleavage is
determined as 837$ at 238 K, which is close to that of
enzymatic Ce-C cleavage of coenzyme B(20—600 s1).92.10.52

The rates of Co(IV)-C bond cleavage with various bases
were determined under experimental conditions so thakdhe
values are proportional to the concentrations of the bases at
various temperatures. The Arrehenius plots of the second-order
rate constants of Co(IVW)C bond cleavage with various bases
are shown in Figure 8. The activation enthalpyH¢ o9 value

520 nm) using a stopped-flow technique (see Experimental decreases with the decreasipyalues of bases (Table #)In

Section). Thekops Value in eq 8 increases with an increasing

the case of 2-methoxypyridine and 2,6-dimethoxypyridine, the
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SCHEME 1
[Fe(bpy);]**  [Fe(bpy)s]**
(DH),Co(Me)(py) [(DH),Co!Y (Me)(py)]*
Me fast
QQ\N/‘O ----- H -py || +py
\'N_)CO;%/I\II\
R »|-O’N§€‘ ([((DH),CoY(Me)(py)I* py)
H- o py)I” py
_N
« |
N-Mepy*
(DH),Co'l(py) 7121%' [(DH),Co(py)1*
[Fe(bpy);]**  [Fe(bpy)s]**
SCHEME 2

Energy

[(DH),CoV(Me)(py)]* + py

AH? <0 | ([(DH),Co™(Me)(py)]* py)

—AHcr
AH7,

-

TABLE 4: lonization Potentials (1) of Various Pyridine
Derivatives and Activation Parameters for Co(IV)—C Bond
Cleavage of [(DH}Ca"V (Me)(py)]T in the Presence of
Pyridine Derivatives

AHtobs AStobs
pyridine Ip (eV)2 (kJ mol?) (I molrtK™Y)

3-Brpy 9.21 42 -8
py 9.15 42 -1
4-Mepy 8.99 26 -23
3,4-Mepy 8.82 18 -80
2,4,6-Mepy 8.54 15 —100
2-MeOpy 8.48 -3.0 —190
2,6-(MeO}py 7.84 -95 —220

a Calculated by the DFT method (B3LYP/6-31(hasis set§?

AH*g,svalues are found to be negative3.0 and—9.5 kJ mot?,
respectively).

Charge-Transfer Complex between [(DH)Co" (Me)(py)]*
and Pyridine Derivatives. Since [(DH}CoV(Me)(py)lt is

coordinatively saturated, the complex formation between an

electron-donating base and [(Di@)dV(Me)(py)]™ which is a

strong electron acceptor may be attributed to a charge-transfer
(CT) interaction. Pyridine has been known to form strong CT

complexes with various electron accept®rdJpon mixing
MeCN solutions of [(DH)CdY(Me)(py)]"™ and pyridine, we
readily observed a new broad absorption bahd{(= 950 nm)

as shown in Figure 9. When pyridine is replaced by a weaker
electron donor (3-bromopyridine), the absorption band is blue-
shifted (840 nm), whereas the addition of a stronger electron
donor (4-methylpyridine) results in the red-shift of the absorption

((DH),Co™(Me)(py)I* py)ct

Co(IV)-C bond cleavage

(DH),Co"(py) + N-Mepy*

If the observed CT complex is a real intermediate for the
Co(IV)—C bond cleavage, then the observed activation enthalpy
(AH¥,p9 consists of the heat of formation of the CT complex
(AHct) and the activation enthalpy of the Co(WWE& bond
cleavage AH*.). ThereforeAH* s = AHct + AH¥. as shown
in Scheme 25727 The AHcr value of [(DH)CAY(Me)(py)]*
and pyridine was determined as29 kJ mot?! from the
temperature dependence of the CT absorbance (see Supporting
Information S5). With increasing donor ability of the bases, the
AHcr value is expected to become more negative, whereas the
AH¥; value becomes less positive. In this case AREqpsvalue
would be negative under the condition$t*, < —AHcr.

In conclusion, these results have shown that the observed
activation energy for the CeC bond cleavage of a coenzyme
B1, model complex can be remarkably decreased by one-electron
oxidation. It can also be decreased by the formation of a charge-

0.15
Br
[ Me
y Qo
Amax = 840 nm N7 | D
N
L =930
§ 0.10 Fmex " o = 955 nm
©
£
S
(7]
Qo
< 0.05 |
1 l 1 1 1

0
750 800 850 900 950 1000 1050
Wavelength, nm

band (955 nm). This indicates that the new absorption band is gjgyre 9. visible-NIR spectra of CT complexes of [(DbG0" (Me)-

caused by the formation of the CT complex between [({id) -
(Me)(py)]™ and the bases.

(pY)]™ (1.5 x 1072 M) with pyridine derivatives (1.0 M) in MeCN at
298 K.
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transfer complex of the resulting alkylcobalt(1V) complex with

Ohkubo and Fukuzumi

(15) (a) Nie, S.; Marzilli, L. G.; Yu, N. TJ. Am. Chem. Sod. 989

a base, which leads to the observation of a negative activationl1k 9256. (b) Nie, S.; Marzilli, P. A.; Marzilli, L. G.; Yu, N. TJ. Am.

energy for the Co(IV)-C cleavage with a strong base. Although
(DH).Cd"(R)(L) is known to act as a nucleophile which can
transfer R to an electrophilé? [(DH).CoV (R)(L)] ", produced
by the one-electron oxidation of (DKJ0"(R)(L), acts as an
electrophile which can transfer'Ro a nucleophile.
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