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Abstract: The quenching of triplet g by phenols is greatly enhanced by addition of pyridines, which also lower

the phenol voltammetric oxidation potentials. Flash photolysis shows that the products of this quenching reaction
are the Gy~ anion radical, neutral phenoxy (or naphthoxy) radicals, and protonated pyridines. Analysis of the
second-order kinetics gives quenching rate constants and values of formation constants of hydrogen-bonded phenol
pyridine pairs. The latter agree with those derived from absorption spectra over a wide range of phenols, pyridines,
and solvents. Significant deuterium kinetic isotope effects are observed, indicating the importance of both proton
transfer and hydrogen bonding in enhancing the rate. Quenching rates and radical yields both increase with solvent
polarity. Itis concluded that this quenching process involves interaction bef@ggand a hydrogen-bonded pherol

pyridine complex, in which electron transfer from the phenoiGe, is concerted with proton transfer from phenol

to hydrogen-bonded pyridine.

Introduction tammetric measurements are given which relate the lowered
oxidation potentials of hydrogen-bonded phenols to pyridine
basicity and enhanced quenching rates. These data help clarify
the circumstances in which both concerted proton movement
and solvation play essential roles in the electron-transfer process.
Kinetic deuteration effects are demonstrated for these reactions,
confirming and extending earlier interpretations. Finally, using
previously measured extinction coefficients ofp@iplet and
radical anion, we obtain radical yields in these reactions which
also reflect solvation effects on the detailed quenching mech-
anism.

In connection with the general problem of coupled electron
proton transfer, we have recently given evidence for the
occurrence ofoncerteccharge movement tifferentacceptors,
as exemplified in the pyridine-enhanced quenching by phenols
or naphthols of triplet g2 or tetracene fluorescenéeln the
triplet Cgo case, the actual quenching species was identified as
the hydrogen-bonded pherobr naphthot-pyridine pair, since
formation equilibrium constants derived on this assumption from
the second-order kinetics agreed with those obtained more
directly from absorption spectra. Quenching 3, by the
2-naphthot-trimethylpyridine complex resulted in formation of
Ceso'~ anion and neutral naphthoxy radicalsin addition, an
appreciable deuterium isotope effect was found in quenching  Materials. Cgo (=99.94%) was obtained from the SES Research
of tetracene fluorescence by phenpyridine systems. It was Co. Solvents (Aldrich HPLC grade) were dried over molecular sieves.
therefore concluded that, in these interactions, electron transferPhenols and pyridines were recrystallized or distilled. Phenols were
from the phenol moiety to the excited molecule is concerted deuterated by fast exchange with D (D > 99%), added to the
with proton movement from the phenslOH to the hydrogen- solution in 20-fold excess. As used here the terms “phenol” and
bonded base. The relation of such proton transfer to both the;py[]i;ji“e" a_r;_ generiSC.C lsé)ecific f:dc_)mpounFc,is are"q;noted ZSJ%"C’WS:

; : PR -chloropyridine = 3-CI-Py; pyridine = Py; collidine = 2,4,6-
rate and free enthalpy change in the reaction was indicated. trimethylpyridine = TMP. Substituted phenols and naphthols are

These results on reductive quenching by phenols SuggefStudentified as such.

analogies with the appearance of neutral tyrosine radicals in Apparatus and Procedure. 1. Hydrogen-Bonding Equilibria.
the electron transfer chain of Photosystem Il in green plant F : .-
. ormation constants for hydrogen-bonded pheipgtidine complexes

photosynthesi3. _ _ were determined spectroscopically from the accompanying red shift in

We now extend the § studies to a much wider range of Uy phenol absorption, for comparison with kinetically measured values.
phenols, pyridines, and other bases and solvents. We obtainFor these systems, Mataga et d&lave shown that
additional comparisons between kinetically and spectroscopi-
cally determined H-bonding constants. To complete identifica- [1 — AyA],/[base} = —K + K(eden);(AJA) (1)
tion of all quenching reaction products, we demonstrate
protonation of the hydrogen-bonded base (benzoquinoline), yynerea anda, are the absorbances of phenol solutions at a particular
accompanying formation of¢g~ and phenoxy radicals. Vol-  wayelength, respectively, with and without addition of base, and
ande, are the respective extinction coefficients of complexed and free
phenol. Plotting the left-hand function agaidgtA typically gave good

Experimental Section
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Table 1. Quenching ofCq by Various PhenetPyridine-Solvent Systems: Reaction Parameters
phenol substs base solvent E%, V vs SCB K, M™% spect. K, M kinet. —AGgpp’ eV kos, 100 M~1st

H PhCN c <0.1

TMP PhCN 1.26 6.2-0.9 —0.07 6.0+ 0.3
4-Me - PhCN 1.54 <0.1

Cl-Py  PhCN 1.24

Py PhCN 1.06 2.80.2 2.6+ 0.3 0.13 1H1

TMP PhCN 0.98 5.5-0.6 6.9+ 0.9 0.21 53+ 3

Py CHCl, 16+2 15+ 3 44+0.2

TMP CHCl, 30+2 36+ 4 32+5
4-MeO - PhCN 1.29 —0.10 0.44+ 0.04

BQ¢ PhCN 1.1+ 0.2 40+ 4

ClPy PhCN 1.04 0.20.2 1.1+ 0.2 0.15 96+ 8

Py PhCN 0.84 0.35 236 20

TMP PhCN 0.76 6.6 0.6 48+ 05 0.43 250t 20

Py CCl 33+3 X X

TMP CCly 82+5 86+ 11 160+ 10
2-MeO - PhCN 1.41 <0.1

Cl-Py PhCN 1.12 e

Py PhCN 0.90 e 0.7+ 0.3 0.29 210t 50

TMP PhCN 0.84

Py CHCI, 24+0.3 2.1+ 0.2 67+ 3

TMP CHCl, 24+0.3 2.2+0.2 190+ 10

Py toluene X X

Py CCl 1.4+0.3 X X

TMP CCly 3.0+ 05 y y
2,6-DiMeO - PhCN 1.27 —0.08 0.45+ 0.03

ClPy PhCN 0.90 e 0.9+0.2 0.29 170t 20

Py PhCN 0.69 e 0.50 250+ 20

TMP PhCN 0.60 e 0.59 260+ 20

Py CCl, 1.5+0.3 X X

TMP CCl 2.0+ 05 3.0+ 0.5 310+ 30
3-CN - CHsCN 2.28

TMP PhCN 1.27 12t1 —0.08 0.35+ 0.05
4-OH - PhCN 1.20 —0.01 1.2+0.2

ClPy PhCN 0.80 1203 0.39 250t 20

Py PhCN 0.60 3.403 0.59 330+ 40

TMP PhCN 0.53 6t 3 9.5+ 0.6 0.66 270t 10

TMP toluene 435 36+3 410+ 20

TMP CCl 38+3 37+3 270+ 20
2-OH - PhCN 1.20 —0.01 2+ 0.5

Pyd! PhCN 0.83 2#05 0.36 90+ 10

Py PhCN 0.72 3.30.2 2.8+ 0.5 0.42 220t 30
2,3,5,6-tetra-Me-4-OH  — PhCN 0.86 - - 0.33 220+ 2(°
2,3,5-tri-Me-4-OH PhCN 0.93 0.26 20D 300
2,3-di-Me-4-OH PhCN 1.02 0.07 86 100
2-Me-4-OH PhCN 1.12 0.07 13 29
1-naphthdl - PhCN 1.39 —0.20 0.25+ 0.03

ClPy PhCN 0.98 3.30.2 0.21 55+ 5

Py PhCN 0.84 5. 0.5 4.4+ 0.2 0.35 200t 20

TMP PhCN 0.76 9.5:0.5 9.4+ 0.5 0.43 260t 30

— CH2C|2 <0.2

Cl-Py CHCl, 10+ 0.5 9.8+ 0.5 21+5

Py CHCI> 30+2 25+ 2 300+ 20

TMP CHCl, 62+ 2 58+ 5 450+ 40

— CCly <0.1

Cl-Py CCl, 22+2 <0.1

Py CCl 82+8 X X

TMP CCl 220+ 30 170+ 30 140+ 40
2-naphthol - PhCN 0.6+ 0.04

TMP PhCN 7.5+0.2 7.2+0.3 110+ 20

aThese peak potentials of the phenols (without pyridines) agree closely with those obtained by cyclic voltammetry in acefohiMiIlELNBF,
or in CH,Cl,—0.1 M E4NBF4.18 > AGgp = appareniAG; calculated from peak potentials usiBg(Cso) = 1.57 €\® and taking charge separation
distance= 8 A. ¢ Obscured by the solvenelectrolyte oxidation potential window.BQ = 7,8-benzoquinoline; Pye: pyridazine.c Too small to
measuref Reference 18 Biczok, L.; Linschitz, H.; Treinin, A.Fullerenes: Recent Adnces in the Chemistry and Physics of Fullerenes and
Related MaterialsKadish, K. M., Ruoff, R. S., Eds.; The Electrochemical Society: Pennington, NJ, 1994; pip209" Reference 2% Rate vs
base concentration is concavdRate vs base concentration is linear.

intercept, corresponding to the equilibrium constént, The derivation phenol and naphthol oxidations were irreversible, at sweep rates up to
of hydrogen-bonding constants from the kinetic data is described below. 5 V/s. The peak potential&,*, for the oxidation of phenols in the

2. Polarographic Measurements. Cyclic voltammograms in absence and presence of pyridines are reported in Table 1, column 4.
benzonitrile solutions were recorded on an EG&G Versastat poten- The difference between the peak potentials fgyr€duction and phenol
tiostat, using a polished glassy carbon working electrode, Pt wire counter oxidation, directly measured in the same solution, were used in the
electrode, and AgAgCl reference electrode, with tetrabutylammo- calculations of arapparentfree enthalpy chang@\Gapp

nium hexafluorophosphate (TBAB)Ras the supporting electrolyte and (5) Dubois, D.; Moninot, G.; Kutner, W.; Jones, M. T.; Kadish, K. M.
Coo, E(Ceo/Co0™) = —0.45 V vs SCE, as an internal refereric&ll J. Phys. Chem1992 96, 7137.
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3. Flash Photolysis. Solutions of Gy containing appropriate
reactants were purged with nitrogen and studied by flash photolysis, la
using a tunable flashlamp-pumped dye laser (Cynosure, ED-200) 4-Methoxyphenol in CCl,

providing excitation at 590 nm (Rhodamine 6G) and@saZwhm. Flash 0.84 0.008 M T™MP
transients were followed by conventional meénsing a photomul- 0

tiplier to 800 nm and InGaAs photodiode and fast amplifier (New Focus, | 027M T™MP
1811) for the near-IR, and recorded by a fast 10-bit digitizer (Tektronix 0.065 M TMP

RTD710A) and computer. Quenching rate constants were determined
from the linear dependence on quencher concentration of the pseudo-
first-order decay ofCs absorption at 750 nift Concentrations were
adjusted so that the triplet decay was dominated by the pseudo-first-
order term. Radical yields were determined from the ratio of initial
(triplet) to long-lived (radical) absorbances, corrected for any overlap-
ping decay? and using extinction coefficients measured previoustfy.
Transient absorbances were obtained either from single oscillograms
at 500 nm or averaged over successive sweeps at 750 nm (triplet) and
1080 nm (Gg™),’® corrected for flash energy variations. At the 0.2-
wavelengths used, there is no interfering phenoxy radical absorption.

| 016 M T™P

o
o

Absorbance

o
'S

Results and Discussion

310 290
Wavelength /nm

Table 1 summarizes the oxidation potentials, spectroscopic 350 330
and kinetic hydrogen-bonding equilibrium constants, and quench-
ing rate constants for all phenobase-solvent systems studied.
These were chosen to include as wide a range as possible of
phenol oxidation potential and acidity and pyridine basicity
within the available range (about 4 orders of magnitude) of b
measurable quenching rates. For each phenol, the data are
arranged in order of decreasing solvent polarity as measured
by theirEr(30) values (benzonitrile, 41.5; GAI,, 40.7; toluene,
33.9; CCl, 32.4 kcal/molj and within each solvent group,
increasing pyridine basicity 's in acetonitrile: 3-CI-Py, 9.0;

Py, 12.3; TMP, 16.8§:1°

1. Spectroscopic Hydrogen-Bonding Equilibrium Con-
stants. Figure 1 illustrates the determination of the hydrogen-
bonding equilibrium constants listed in Table 1 for a represen-
tative system, 4-methoxypherolTMP in CCl,. The typical red
shift of the long-wavelength phenol absorption upon hydrogen equilibrium constant: 4-MeOPhOH TMP in CCl;: (a) change in

b?”d'“g and the application of €q 1to these data.are shown in absorption spectra with added TMP, (b) Mataga plot at three wave-
Figure 1, parts A and B, respectively. The formation constants gngihs;

listed in Table 1 agree very closely with previous measurements
of the same cases, such as bonding by Py to 4-methoxyphenol that competition between intra- and intermolecular H-bonding,

and 1-naphthol? As is generally observed, th€'s increase in aqdition to steric hindrance, is involved in hydrogen bonding
with increasing base strength of the pyridines and decrease Withyy this molecule. with low solvent polarity favoring the

increasing solvent polarity ' (see data in Table 1 for jhamolecular bonding.

4-methy!pheno| and 1-naphthol). Particularly interesting in this 2. Polarographic Oxidation of Phenolst’ In benzonitrile-

rega_1|r_g 1S the Sﬁlvfnr: effec(; o_nh thel Z_-methoxyph(;R_y TBAPF; solutions, cyclic voltammograms of all the phenols in

gq4w|\|/|_r1|u_m, IEWI 1c td eltArfel\r;rlv_wt p? ar%l_ls rever_s%_ - Table 1 show a single, irreversible two-electron oxidation wave,
' in CH;Cl; and 1. in CCL. This may indicate agreement with previous observatidfsln strongly acidified

media and at low temperatures, the phenol cation radical is
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Figure 1. Spectroscopic determination of hydrogen-bonding formation

(6) Andrews, L. J.; Deroulede, A.; Linschitz, H. Phys. Chem1978§

82, 2304.

(7) (a) Biczok, L.; Linschitz, H.; Walter, R. IChem. Phys. Let1992
195 339 and references thereibid. 1994 221, 188. (b) Andrews, L. J.;
Levy, J. M.; Linschitz, H.J. Photochem1976 6, 355. (c) Steren, C. A;;
van Willigen, H.; Biczok, L.; Gupta, N.; Linschitz, H. Phys. Chenl996
100, 8920.

(8) Reichardt, CSobents and Sekent Effects in Organic Chemistry
VCH: Weinheim, Germany, 1988.

(9) Cauquis, G.; Deronzier, A.; Serre, S.; Vieil, BElectroanal. Chem.
Interfacial Electrochem1975 60, 205.

(10) Anne, A.; Habiot, P.; Moiroux, J.; Neta, P.; Saveant, JJMPhys.
Chem.1991, 95, 2370.

(11) Dierckx, A. M.; Huyskens, P.; Zeegers-HuyskehsChim. Phys.
1965 62, 336.

(12) Gramstad, TActa Chem. Scand.961, 16, 807.

(13) Joesten, M. H.; Schaad, L. Hydrogen BondingMarcel Dekker
Inc.: New York, 1974.

(14) Abraham, M. H.; Duce, P. P.; Prior, D. V.; Barrat, D. G.; Morris,
J. J.; Taylor, P. JJ. Chem. Soc., Perkin Trans.1®89 1355.

(15) Titov, E. V.; Shurpach, V. I.; Belkina, G. A.; Gonchar, N. P.
Mol. Struct.199Q 219 257.

(16) Vasin, S. V.Russ. J. Phys. Cheri985 59,1138.

stabilized and reversible one-electron waves are obtained. The
irreversibility in neutral medium has therefore been assigned
to deprotonation of the phenol cation radical, forming the more
easily oxidized phenoxy radic#l.

Addition of pyridines results in conversion of the original
anodic wave to a new, irreversible, prior wave at lower potential
(Figure 2A). The shift in potential is largest for TMR,
= 550-600 mV), less for Py, and least for 3-CI-Py300 mV),
corresponding to the decreasing order of basicity (Table 1). The
concentration of base needed to complete this change is

(17) We give here only a brief summary of essential voltammetric results
and interpretations regarding these pheraalditive systems, to relate to
their quenching behavior, which is our main concern in this paper.

(18) (a) Hammerich, O.; Parker, V. D.; Ronlan, Acta Chem. Scand.

B 1976 30, 89. (b) Hammerich, O.; Parker, V. [Acta Chem. Scand. B
1982 36, 63 and references therein. (c) Parker, V. DEimcyclopedia of

Electrochemistry of the Elemenard, A. J., Lund, H., Eds.; Dekker: New
York, 1978; Vol. XI. pp 242-275.
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Figure 2. Cyclic voltammograms of 4-MeOPhOH: (A) in the presence

of different concentrations of TMP, (B) in the presence of different
concentrations of DMSO. Scan rate was 100 mV/s.

0

comparable to that of the phenol (millimolar) for TMP,
somewhat higher for Py, and about 0.1 M for CI-Py. At
intermediate concentrations both the original and new anodic
peaks are seen. Peak potentials given in Table 1 thereafte
remain constant with added base, up to at least 0.5 M, the rang
in which the3Cgo quenching measurements are done. The new
maxima are quite sharply defined for TMP, but broader with
Py and more so with CI-Py. The resulting uncertaintyEin
values of Table 1 ist0.03 V.

In the rather special case of hydroquinone gKimilar new,
irreversible anodic waves at lower potential have also been
observed upon addition of 2,6-dimethylpyridifer the stronger
base, pyrroliding® which have been assigned to the oxidation
of phenoxide ion: QH— Q + H* 4 2e1°21 While the abrupt
appearance of a new anodic wave upon addition of pyridine is
consistent with formation of a new species prior to the oxidation
process, we rule out phenoxide ion on the following basis: (a)
Absorption spectra show that phenoxide is not formed from the
phenols, including hydroquinone, even in presence of large
excess of the most basic pyridine, TMP, in the polar solvent
benzonitrile, but phenols are deprotonated upon addition of
stoichiometric amounts of tetmbutylammonium hydroxide,
TBAOH. (b) TBAOH causes much larger changes in potential
(~1 V) than does TMP. A similar large decrease in oxidation
potential following addition of TBAOH has also been observed
in cyclic voltammograms of 2,4,6-ttert-butylphenol in aceto-
nitrile.22 (c) A significant deuterium isotope effect is observed
in the pyridine-enhanced quenching reaction (see below).

In sharp contrast to the effects of pyridines, addition of DMSO
to the solution leads only to a shift or translation of the original
phenol anodic waves to lower potentials. No prior waves
appear, evental M DMSO in PhCN or CHCI, (Figure 2B).

(19) Parker, V. DChem. Commuril969 716.

(20) Eggins, B. RChem. Commurl969 1267.

(21) Eggins, B. R.; Chambers, J. Q. Electrochem. Sod97Q 117,
186.

(22) Richards, J. A.; Whitson, P. E.; Evans, D.HElectroanal. Chem.
1975 63, 311.

Bicebal.

Table 2. Hydrogen Bonding vs Proton Transfer: Comparative
Effects of DMSO and Pyridines

kog,
solvent base K& E>* K M1P 10Mis?

phenol
1-naphthol CHCl, DMSO —1.54 1.05 3Gt 2 <0.1
CH,Cl, Py 5.23 0.75 3@ 2 300
2-MeO- CH,Cl, DMSO —-154 121 1.3t0.1 <0.1
CH,Cl, Py 523 0.95 24 67
4-MeO— PhCN DMSO —1.54 113 6.0:t0.5% 10
PhCN TMP 742 0.76 6.80.6 250

2 pK, of protonated base, in water, from ref 13 and references therein.
bValues from UV spectroscopy.From kinetics,K = 25 £ 2 M!
(Table 1).9 From kinetics K = 2.1+ 0.2 M™% ¢ From kinetics K =
3.5+ 0.2 ML, fFrom kinetics K = 4.8 +£ 0.5 M~* (Table 1).

The limiting peak potentials of the shifted waves are signifi-
cantly higher than those of the new waves obtained by treatment
with pyridines (Tables 1 and 2).

We attribute the different electrochemical behaviors of the
pyridine and DMSO systems in Figure 2 to different rates and
AG values for proton transfer to the added base, associated with
oxidation of hydrogen-bonded phen8étsThis view is supported
by the respective K, values for pyridines and DMSO (Table
2), relative to those of the phenol cation radicals. For the latter
compounds in Table 2, thesé&Kgs in DMSO, obtained by
Bordwell and Cheng? are 1-naphthdl, —6.7; 2-MeOPhOH,
—6.4; 4-MeOPhOH, —4.7. ThusApKys for the assumed
proton transfer are much greater for the pyridines than for
DMSO. In addition, the concentration of pyridines required to
develop the new anodic peak increases with decreadiag p
Further discussion of these voltammograms is given below, in
rconnection with the mechanism of reductive quenching by

henols. In any case, Figure 2A and Table 1 establish a
significant lowering of phenol oxidation potentials, directly
correlated with the basicity of the added pyridines.

3. Interaction of 3Cgy with Hydrogen-Bonded Phenols.
a. lIdentification of Reaction Products. The overlap and
generally low extinction of the absorption spectra of relevant
species other thatCsp and Gg~ make it difficult to identify
transients in the reaction discussed here. However, these may
be resolved following the flash excitation o&in benzonitrile
containing the reducing system 4-methoxyphenol and 7,8-
benzoquinoline. The extinction coefficients (Mcm™1) of
neutral 4-methoxyphenoxy radical (403 nm) and protonated 7,8-
benzoquinoline (370 nm) are respectively 820ihd 14 40¢8
while the absorption of '~ is relatively low ¢ ~ 4000) and
rather flat throughout this regiof®:2” Thus the time-resolved
spectra of Figure 3A show the conversion3@§, to Cs¢'~ at
1080 nm’c together with formation of neutral phenoxy and
protonated benzoquinoline. The assignment of the 370 nm
transient is confirmed by the disappearance of this peak, leaving
only the phenoxy band (Figure 3A, insert) when benzoquinoline
is replaced by TMP, which also leads to reductior@f, at
the same rate. Thus, the electron and proton are shown to move
from the common donor, 4-methoxyphenol to different respec-
tive acceptors:

(23) Gupta, N.; Linschitz, HJ. Am. Chem. Sod997, 119 6384, where
H-bonding is shown to facilitate reversible quinone reduction.

(24) Bordwell, F. G.; Cheng, J. B. Am. Chem. S0d.991, 113 1736.

(25) (a) Das, P. K.; Encinas, M. V.; Steenken, S.; Scaiano, J. 8m.
Chem. So0c.1981, 103 4162 (relative toe = 5500 M1 cm! for
benzophenone ketyl: Inbar, S.; Linschitz, H.; Cohen, SJ.GAm. Chem.
Soc.1981, 103 7232). (b) Johnston, L. J.; Mathivanan, N.; Negri, F.;
Siebrand, W.; Zerbetto, FCan. J. Chem1993 71, 1655.

(26) Nasielski, J.; Nonckt, E. VSpectrochem. Acta963 19, 1989.

(27) Kamat, P. VJ. Am. Chem. Sod 991, 113 9705.
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Figure 4. Effect of hydrogen-bonding additives on the rate of
0.05 guenching ofCso. () 1-naphthoH- Py in CHCly; (b) 4-MeOPhOH
’ + TMP in PhCN; (c) 4-MeOPhOH- Py in CH,Cly; (d) PhOH+ TMP
in PhCN.
0.00 T — T T
400 600 800 1000 1200
A
Wavelength, nm - Cqo *+ phenols + TMP in CCl,
Figure 3. Time-resolved absorption spectra: (A) 0.3 mMyG 5.0 -
mM 4-MeOPhOH+ 0.5 M 7,8-benzoquinoline in PhCN, immediately 's 15¢ 4-methoxy 2,6-dimethox
(0 us) and 3us after the flash. Insert: comparison of spectra obtained “‘9 i
with two different bases: &) TMP; (a) 7,8-benzoquinoline (the higher _s
absorbance of the phenoxy radical in the TMP reaction represents higher z 0
yield). (B) 0.3 mM Go + 1.5 mM 2-naphthot+ 0.5 M TMP in PhCN. £
< 2-methoxy
3C60 + 4-MeOPhOH- - -B— C,,; + 4-MeOPhO+ BH" 2 5
|
X
where B is the aza-aryl base. B , :
Additional evidence for this reaction is given in Figure 3B, 0.0 0.2 0.4

which shows the formation of the well-characterized spectrum (TMPy],.M
of neutral 2-naphthoxy radic&lin the TMP-catalyzed reduction
of 3Ceo. In this case, absorption of the presumed protonated B 6
TMP is obscured. From thAOD peaks of Figure 3B, using
extinction coefficients of naphthoxy (25 000 ¥cm~1)25 and
Ceo"™ (18 600 ML cm™1)7acradicals and g ground state, we
estimate the relative radical yields NOg~ = 1.1 £+ 0.25.
Information on the nature of the transition state is derived from
the kinetic studies.

b. Kinetics of Pyridine-Enhanced Quenching. The effect
of pyridines on the second-order quenching rate constants of
8Ceo by phenols is shown for some representative systems in
benzonitrile and methylene chloride (Figure 4) and JZEigure ,
5). In these plotsk is the effective, measured pseudo-first- 0 - ' — 0

. . ) 0.0 0.2 0.4 0.6

order rate constant for triplet decay in phenbblse solutions,
ko is the rate constant in the same solution in absence of phenaol, (Pylo:M
and [PhOHj is the total phenol concentration. Since the rate Figure 5. Comparison of the effects of (A) TMP and (B) Py on the
increases with increasing pyridine concentration, [PhQiB] rate of quenching ofCso by different phenols in CGl
decreased correspondingly in studying a given system to
maintain the triplet lifetime within accurately measurable limits
(~1—2 us) and in a range in which triplet decay is entirely
dominated by the first-order term.

We first discuss the results shown in Figures 4 and 5A, in
which the rate constant rises initially with added pyridine and

Cgo + phenols + Py in CCl,

-1

S

1 -1

4—-methoxy

q -
10 M
~

2,6—dimethoxy { 1

2—-methoxy

(k— ko)/[PhOH]a )
(k=k)/[PhOH],,10°M s

then tends to level off. Thisorwex behavior is observed for
all systems in the polar solvents, benzonitrile and methylene
chloride (Figure 4), but in CGlis seen only in phenelTMP
solutions (Figure 5A).

As before, we attribute these pyridine-enhanced rates to
guenching by hydrogen-bonded phenbhse paird:2 On this
(28) Reprinted from ref 2, p 346, by courtesy of Marcel Dekker, Inc. assumption, and with the condition that the total concentration
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of added base, [B] much exceeds [PhObjJwe may writé _ T
| PhCN e
_n 5 2-Methoxyphenol + Py in :
k— K[B] : I
ko _ koeKIBlo @ 2 -
[PhOH], 1+ K][B], -
sal CH,CI,
wherekgg andK are respectively the second-order quenching :g‘:
rate and formation equilibrium constants of the hydrogen-bonded é 9 Toluene |
phenot-pyridine complex. On the indicated scales, and for the 2
systems shown in Figures 4 and 5, the decay rk§es absence 1 ccl,
of phenol or with phenol or pyridine aloffeare all very small ~ 00 ° o oA:’k/ofe

or negligible. The curves of Figures 4 and 5A are nonlinear
least-square fits of eq 2 to the experimental points. Table 1 (Pyly M

summarizes the resulting best valueskobind kgg for these Figure 6. Effect of solvent polarity on the rate of reductive quenching
and similar cases in which convex plots are obtained. Com- of triplet Cso by 2-MeOPhOH-Py system.

parison of columns 5 and 6 in Table 1 shows thatkinetically . .

derived values of K agree within experimental uncertainty with S€mbles the curves of Figure 4 and also fits eq 2. The least-
the quite independent spectroscopic Kigoa very wide range. ~ Sduares-derived equilibrium constaris, mlatclh the spectro-
For example, in the case of 4-methoxyphenol, this extends from SCOPIC values and thieys’s are in the 19M ™~ s™* range (Table

the complex with the weak base, 3-CI-Py, in polar Ph&N However, with the V\(eakgr base, Py,.the for.m of the
1.0 M™Y) to that with the strong base, TMP, in nonpolar ¢Cl functlons (Flgure_ SB)_ Whl_ch rise slowly with continuously
(K =84 M1). This agreement, seen throughout Table 1, further 'Ncreasing slope, is quite (_jlfferent from the convex curve found
validates our previous identification of the quenching species f0f theé same phenols with TMP. Thesencae functions

as the hydrogen-bonded phenglyridine pair. However, itis  (Figure 5B) whose occurrence is indicated Yoyn Table 1,
also seen in Table 1 that the valueslofare not generally clearly cannot correspond to eq 2. Moreover, this effect cannot

correlated with those dfgs. The more important factors are ~ P€ ascribed to a lower hydrogen-bonding constant toward the
the decrease i % of the phenols, which is correlated with weaker base, sinck (spectroscopic) for 4-methoxypherol
the basicity of the pyridines (as measured by th&g's) and Py in CCl, has a quite high value, 33 M. Thus the system is
the solvent polarity. Thus the quenching rate for a given phenol MOStly hydrogen-bonded at Py concentrations as low as 0.1 M,
can be systematically controlled, up to the diffusion limit, by Where the quenching rate is just beginning to rise (Figure 5B).

varying either or both of these factors. In PhCN, the strongest Similarly, for 2,6-dimethoxyphenol, thi value for Py com-

reductant, tetramethylhydroquinone, quenches tripjeatclose plexatio[\l(l.& 0.3 M™) is not much less than for TMP (2.0
to diffusion-controlled rate without base assistance, while the = 0-5 M™), while the functional response to added base is quite

weakest, 3-cyanophenol, despite a rather high valueof different. Direct quenching. by Py itself, independently o_f the

quenches at a barely measurable rate, limited bykghterm, hydrogen-bonded complex, is ruled out by the blank experiment.

even in presence of TMP. The essential difference between the two bases thus lies in the
As indicated, the pyridines function in these reactions |ar9€rkos values, correlated with more favorable valuegt,

essentially as proton acceptors rather than simply as hydrogen-®f TMP—phenol pairs. , o
bonding agents. This is further demonstrated by the results of We thg_refore a_ttrlbute the behavior shqwn In Figure 5B to
quenching by phenols using DMSO or triethyl phosphate as nonspecific solvation of the weakly quenching phermyridine

basic additives. Both these compounds are strong hydrogen-PairS by the excess of polar additive, Py. The low Py
bonding agent§14but weak proton acceptdfsi4®and cause concentration range<(l M) at which the rate constant rises
litle or no enhancement of the quenching rate. Table 2 indicates further that the solvation is not a simple mole fraction

compares the kinetic parameters for DMSO and pyridines, contr_ibution to the local polarit_y, but is preferential,_involving
including fKs's, hydrogen-bonding equilibrium constarks,and con5|derqble solvent segregation. Such an.effect is found, for
quenching rate constantgs. Limiting values ofkog less than gxample, in the deqay of tr|1plet 9,lO-anthraqumone-Z-squhonate
10F Mt 51 for DMSO were derived from triplet decay !n_HZO—Cch_ZN mixtures3! The resultln_g rate enhancement
measurements at DMSO concentrations up to 1.0 M, and thels in accord with _weII_-known solvent polarity effe_cts on electron-
base-solvent systems in Table 2 are those for which spectro- ransfer quenching in numerous systems, particularly when the
scopically determinel{’s closely match those of the pyridines. d”V"?Q force of the reaction is smgll. In this co.nnlectlon, W'th
Itis evident that, despite similar hydrogen-bonding interactions SPeCific regard t8Cso, we have previously found similar polarity
with the phenols, DMSO does not function as do the pyridines dep_er_1dence in reductive quenc_hlng by tritolylamine in ben-
to enhancéCgo quenching. The case of 4-methoxyphenol, for 29{"""9' toluene, and Cglfor which th? rate constants7(|\94
which DMSO does show some positive quenching effect, S )‘?‘re_fespe""v?'y 35( 10°, 8.5 10/, and~2 x 1072
corresponds also to the most easily oxidized phenol in Table 2, 1S interpretation is supported by the solvent-dependent
and even here, the deuterium isotope effect is much smallerP€havior of 2-methoxyphenol, whose quenching rate is least

than that for the pyridines (see below). Generally similar results responsive (Figure 5B) to Py addition i.n QQIFigure 6 shows
were obtained with triethyl phosphate. the effect of Py on the rate constant in different solvents. In

The combined effects of base strength and solvent polarity CCl, and toluene, whosgr(30) polarity indices are respectively

are particularly manifest in the different responses of methoxy- Shz.tand 23'9 kca:c/ mol, and mgph lower than Fhat.OfE y (40.5),
substituted phenols in Cgltoward addition of TMP and Py the dependence of rate on pyridine concentration is the concave

: . . : function of Figure 5B. However, in more polar media, £H
(Figure 5A,B). The increase in quenching rate of 4-methoxy- A P
and 2,6-dimethoxyphenol with added TMP (Figure 5A) re- Cl (49'7) and PhCN .(41'.5)’ in which the role of preferential

solvation should be minimized, the effect of Py approaches that
115122)2¢;b09a5t, J. W.; Foote, C. S.; Kao, N. Am. Chem. S0d.992 of TMP. The rate vs base function becomes increasingly convex

(’30) Arﬁett, E. M.; Mitchell, E. JJ. Am. Chem. Sod 971 93, 4052. (31) Loeff, I; Treinin, A.; Linschitz, HJ. Phys. Cheml983 87, 2536.
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Table 3. Radical Yields in Quenching 6iC¢ by 1-Naphthol and 5
2-Methoxyphenol: Effects of Base and Solvent Tm Cygo + phenol + TMP in PhCN A
solvent base [base], M R T 41
=
1-Naphthot - No CH,0H
CCly TMP 0.03 0.02£ 0.01 ° 3d
0.30 0.18+ 0.02 > CH,0H (0.3 M)
PhCN T™P 0.05 0.8% 0.03 T
0.50 0.80+ 0.03 2 2 e
&, 03 M
2-Methoxyphenol < OD(O3M)
cCly T™P 0.05 <0.02 e 7
0.1 0.02+ 0.01 1
0.2 0.05+ 0.02 = , ; . , -
0.5 0.09+ 0.03 0.0 0.2 0.4 0.6 0.8 1.0
0.7 0.14+0.03 T™PY]. M
cCl Py 0.3 0.15+ 0.03 [TPy],
0.7 0.21+ 0.03
CH,CI, TMP 0.15 0.23£ 0.03 T 50
0.25 0.24+ 0.02 2 R
CH.CI, Py 0.20 0.46+ 0.03 ~- 40t
0.40 0.48+ 0.03 2 CH,0H (0.15 M)
PhCN Py 0.05 0.4% 0.03 =< 3
0.5 0.42+0.03 o 07
T
aReference 2. % 201
while the specific role of hydrogen bonding is again evidenced % CH,0D (0.15 M)
by the agreement of the kinetic and spectroscopic hydrogen- S 107
bonding equilibrium constants (albeit with considerable uncer- AIP
tainty due to small values d; Table 1). Moreover, the rate x 0 t —+ t
< 0.0 0.20 0.40 0.60 0.80

constants derived from eq 2 are significantly higher in PhCN
(2.1 x 10° M~1 s72) than in the less polar Gi€l, (6.7 x 108 [Pyl M

M~ s™). The respective contribution of base strength and Figure 7. Deuterium isotope effect in reduction of tripletsdCby

polarity to the quenching rate becomes, of course, more difficult phenot-pyridine systems: (A) PhOH TMP in PhCN, (B) 4-MeOPhOH
to resolve as it approaches diffusion control. Of particular 4 py in CCl,.

interest is the 2-methoxypherel MP—CCl, system, for which
the almost linear character of its curve in Figure Ai§ Table polar environment or cluster around the reaction compies,
1), falling between concave and convex behavior, indicates thataccount for the concave curves of Figures 5B and 6. It is
both factors are involved more or less to the same extent. noteworthy that, in ChCl,, 2-methoxyphenol gives higher
The pyridazine-catechol (1,2-diazabenzene and 1,2-dihy- yields with more polar Py®g = 0.45) than with TMP @ =
droxybenzene) pair was examined, with the possibility in mind (.25), although the quenching rates, respectively:6 08 and
that a doubly hydrogen-bonded complex might be formed, with 1.9 x 1° M~1s1 (Table 1), are in the reverse order. It appears
interesting values of andkqe. However, in benzonitrile, this  that, with respect to product separation, the local environment
complex has a rather loi, comparable to that of pyridiAg which controls the back-reaction is more important than the
and behaves kinetically about in accord with Eg* value in relative proton transfer energies which influence the rate.
Table 1. . ) . The detailed nature of the back-reaction raises interesting
4. Quantum Yields and Solvation. Table 3 lists values of  questions. Within the initial caged reaction complex, electron
bulk quantum yields of € anion radical in the quenching of  and proton back-reactions may occur in either a concerted or
*Ceo by 1-naphthol and 2-methoxyphenol in various solvent  sequential fashion. However, the back-transfer of the electron
base systems. Quencher concentrations are adjusted so thatom Cy;- to the neutral phenoxy radical is itself spontaneous,
yields are given at 95% trapping of the triplet, as measured by ithout involving any proton movement. Oxidation potentials
transient lifetimes. With 1-naphthol, interactions in all base ;5 SCE of phenoxide ions in PhCN in presence of TBAOH
solvent systems except PLCls follow convex rate vs base  were in the range from-0.3 for hydroquinone te+-0.3 V for
concentration functiondwhile for 2-methoxyphenol and Py,  phenol (see also, ref 22), while the reduction potential @fi€
we have seen a shift from concave to convex behavior as solvent_q 45 vy vs SCE These values make the bulk back-reactions
polarity is increased from C¢lto PhCN (Figure 6). Data for  hjghly favorable. Back reactions followed second-order kinetics
both quenchers show increasing yields with increasing solvent gnq were close to diffusion controll&d.
polarity, as usual for reactions forming charged products. For

5. Deuteration and Temperature Effects. Figure 7A,B
1-naphthol with TMP, the yield in PhCN is quite highv@.8) P g

! . Y shows deuteration effects on the rate vs base concentration
and .|ndependent of base concentra.tl.on, V\.'h'le n nonpqlax,CCl curves for two systems, with rates well below diffusion control
®r is much smaller and, in addition, increases with base 5. yhich respectively display convex (Figure 7A) and concave
concentration. The results with 2-methoxyphenol similarly i re 7B) behaviors. Significant isotope effects appear for
demonstrate these factors. In this case, we find increasing yields, 1, cases:ku/ko = r = 1.65+ 0.1 for phenok TMP—PhCN

with pyridine concentration for both TMPCCl, and Py-CCla (Figure 7A) and~1.37+ 0.15 for 4-methoxyphenelPy—CCly
systems (Table 3). Moreover, addition of a non-hydrogen- [Py]= 0.7 M (Figure 7B). According to our previous view,

bo”ding but polar c_:omppund, 0.5 M GEN, t0 0.1 M Py in we must regard this latter result as only qualitatively significant,
CCl, raises the radical yield from 0.1 to 0.34 and doubles the ¢\ \we consider that the solvation shell is changing with

guenching rate constant8 x 10 M~1 s71). These findings
further support the proposal given above, of a segregated, local (32) Steadman, J.; Syage, J. A Am. Chem. S0d.991, 113, 6786.
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Figure 8. Temperature dependence of pseudo-first-order rate constantFigure 9. Plot of AG,ppvs logk for quenching of triplet € by phenols
for quenching of triplet G by 4-MePhOH, in PhCN in presence of Py ~ or phenot-pyridine pairs in benzonitrile. Data from Table 1: open
(0.5 M) and TMP (0.3 M). circles, without pyridine; filled circles, with pyridine.

of hydrogen-bonded phenols closely coupled to very fast proton
transfer to the immediately accessible base. Although absorp-
tion spectra may show no bonding at millimolar additive levels,
fhese waves may appearkisetic current$* on the slow time
scale of voltammetric measuremefitsBy contrast, pyridine-
enhanced quenching &€ involves a fast electron jump from
2 necessarilypreformed hydrogen-bonded phenepyridine
complex to the triplet (as established experimentally) and a
concerted proton movement to the pyridine (as indicated by the
. - deuterium isotope effect). Thus the primary electrochemical
as in 4-methoxypheneiPy—CH.Cl, (koe = 1.8 x 10° M~ oxidation reaction at the lowered potential at low pyridine
S - 12+0.1. . . concentration, although irreversible, may correspond closely to
_ The isotope effect with the weak protonating agent, DMSO, the quenching process at much higher concentrations. However,
is much smaller than that with the _pyr|d|nes. For the system 5 concerted proton transfer may not be available to assist
4-methoxyphenotDMSO—-PhCN, withkos(H) = 6.6 x 10/ guenching by phenols hydrogen-bonded to weakly basic DMSO.
M~ts™*at 0.5 M DMSO,r = 1.06+ 0.05. These interpretations of the quenching dynamics are supported
A few exploratory experiments were also made over a range py the significantly larger kinetic isotope effect for quenching
of temperature. For the systems 4-MePhOH and 4-MePhOD, with pyridines compared to quenching with DMSO. On this
with Py in CHCl, we find thatE, = 1.26+ 0.1 and 1.4 basis, we might seek a quantitative correlation between the
0.1 kcal/mol, respectively; the small difference associated with pyridine-enhanced quenching rates and the lowered irreversible
deuteration is slightly beyond experimental uncertainty. An oxidation potentials. We note that the detailed interpretation

increasing [Py] in this solvent. Nevertheless, these results
indicate that quenching involves similar transition states for both
cases. Moreover, as noted above, the existence of an appreciabl
kinetic deuterium effect, which evidently requires the phenolic
proton, provides further evidence against assignment of pyridine
enhanced quenching to a phenoxide species. Measurements o
other convex quenching systems all gaveatios of >1. For
p-cresot-Py—CH,Cl,, with kg = 4.4 x 10’ M1 s71, we obtain

r =15+ 0.1. Even for rates approaching diffusion control,

effect of pyridine basicity ot is also observed; fqu-cresok- of the potential shift requires not only thé&pof the added
base-CH,Cly, Eais 1.45+ 0.2 kcal/mol with Py and 1.6- 0.1 pyridine but also that of the unspecified proton acceptor
kcal/mol with TMP (Figure 8). (impurity, solvent?) in the original solution. Assuming that these

6. Relation of Quenching Rates to Oxidation Potentials. potentials leading to the “apparent” free enthalpy valueS.(,)
We have noted above that the irreversible two-electron anodicin Table 1 include the contributions of proton transfer, it is of
waves of phenols correspond to fast proton loss from the interest to compare the relation between these valuessaf,
oxidized phenol followed by further oxidation of unstable radical and the rate constants for phenol quenching for the respective
productst® The onset of a new anodic wave at lower potential cases of absence and presence of pyridine. Since the quenching
and the increase in quenching rate, both correlated withkhe p  process involves fast electron transfer coupled with proton
of added pyridines, are clearly consistent with the initial step movement, one might find in these two situations effects not
in the electrochemical oxidation mechanism. In this regard, it only arising from differences in oxidation potentials but also
is significant that much higher concentrations of pyridines are attributable to different reorganization energies associated with
needed to increase the quenching rates of phenols than to lowekarious protor-acceptor configurations. The available data for
their voltammetric oxidation potentials. For example, as stated the quenching in PhCN solution are plotted in Figure 9. Here,
above, addition of TMP in millimolar amounts to benzonitrile _ - - — -
solutions of phenols causes immediate appearance of the ne%aﬁsﬁg(?&iﬁno@w \S(brclif:itggg_c ?t:;d é;{;ﬁ;w é’;fd”;;g‘nfa?frg;
anodic wave, and the change is complete at stoichiometric TMP/ Electrochemical Analysj€llis Harwood: Chichester, U.K., 1976; Chapter
phenol ratios. However, the quenching rate effects shown in 8.

; ; _ ; (35) We rule out phenoxide oxidation by this same kinetic process on
Flgure_s 4_7 are mamfe_StEd only at hundred-fold hlgh?lO(l the basis of the relatively small potential shift compared with that caused
M) pyridine concentrations, and the rate constakgs, listed by TBAOH (see above).

in Table 1 correspond to the extrapolated plateau values. This (36) Zeng, Y.; BicZ&, L.; Linschitz, H J. Phys. Chenil992, 96, 5237.
difference between the electrochemical and photochemical (37) To conveniently distinguish three possible types of closely coupled

ff b d di f the diff . | electror-proton transfer, we suggest the teooncertedfor the case in
effects can be understood in terms of the different time scales yhich photh particles move together from a common donor to the same

of the two phenomer&and also helps in some degree to clarify acceptor,discerted,in which there is a common donor but different

the mechanisms of both the electrochemical and photochemicalacceptors, anascerted for different donors to a common acceptor. The

I . examples dealt with here represents discerted transfer. For situations in which
oxidation processes. We have suggested that the new anOd"ﬁ\otion of the electron and proton can clearly be shown to be sequential,

waves seen at low pyridine concentrations represent oxidationwe may replace..certedby ...sequentElectron transfer via a hydrogen-

bond bridge, in which we have proton displacement but not transfer,
(33) Peover M. E.; Davis, J. Dirans. Faraday Socl964 60, 476. represents yet another situation.




Interactions of Triplet G with Hydrogen-Bonded Phenols J. Am. Chem. Soc., Vol. 119, No. 51, 12%D9

results on easily oxidized hydroquinones supplement those on 6. Quenching rates increase with solvent polarity. In
phenols, to obtain measurable quenching rates in pyridine-freenonpolar media, convex or concave rate vs pyridine concentra-
solutions. However, within the spread of the data, no clear-cut tion curves are associated respectively with strongly or weakly
difference between the behavior in presence or absence ofbasic pyridines.

pyridine is discernible thus far. Much further work will be 7. Dependence of radical y|e|ds on solvent po'anty and

needed to distinguish more clearly the overlapping effects of pyridine concentration parallel the dependence of quenching
hydrogen bonding, base strength, solvent polarity, and redoX rates on these parameters.

potential on these prototype systems.

Summary. The several related findings in this study are
summarized as follows:

1. Pyridines greatly enhance the quenching3Gfy by
phenols and also lower their oxidation potentials in aprotic

Conclusions. On the basis of the above results, we conclude
the following:

1. The quenching agent in these reactions is the hydrogen-
bonded phenetpyridine pair; the reaction itself involves
electron transfer from the phenol3Ggo, concerted with proton

solvents. . ! .

2. The products of the quenching reaction are identified by transfer of the bonding proton.to the associated Pyrlé?ne.
flash photolysis as &~ anion radical, neutral phenoxy (or 2. The proton transfer contributes A5 of the excited state
naphthoxy) radicals, and protonated pyridine. reaction, as indicated directly by the pyridine-induced shift in

3. Equilibrium constants for formation of hydrogen-bonded oxidation potential.
phenot-pyridine pairs, determined by spectrophotometric ti-
trations, agree with those derived from the dependence of
second-order quenching rates on pyridine concentration, over
a wide range of phenols, pyridines, and solvents.

4. Rate enhancement by added hydrogen-bonding agent
correlates with their K4's, not hydrogen-bonding power.

5. In a given pyridine-solvent systemky/kp ratios are
significantly greater than 1. With DMSO as added base, the
isotope effect is essentially nil. JA9727528
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