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Abstract

An analysis of viscosity effects on the fluorescence quenching of 9,10-dicyanoanthracene (DCA) by the title hydroxylaraires (
oxygen in protic polar solvents revealed the occurrence of a diffusion-limited emission quenching for both the quenchers. It was found
that the viscosity dependence of the former quenching rate constant is a major factor that controls the magnitude of dependence of the
sensitized oxidation efficiency at a given hydroxylamine concentration on the solvent viscosity. The interesting finding that an increase in
solvent viscosity exerts only a minor effect on the limiting quantum yield for the reaction led us to conclude that the increased viscosity
lowers the rates for both processes of the return electron transfer and the diffusive separation of radical ions to almost the same extent.
This finding substantiates the intervention of a solvent-separated radical ion pair as a key intermediate. Based on molecular size effects
on the limiting quantum yield in methanol, it was suggested that an unpaired electron generated on the hydroxylamino nitrogen is not
appreciably delocalized into the aromatic rings, thus permitting strong electrostatic and hydrogen bonding interactions between the caged
1 cation radical-DCA anion radical pair and protic polar solvent molecules.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the oxidation mechanism of aliphatic hydroxylamines and
related amine§l1]. In addition, we discovered the Marcus
Electron transfer photochemistry has continued to con- ‘inverted region’ by controlling the ability of a sensitizer to
tribute to the development of efficient and selective trans- accept electron from the hydroxylamine and also found the
formations of organic compounds into pharmaceutically participation of contact and solvent-separated radical ion
important heterocyclic compounds, as well as to the eluci- pairs in the primary oxidation proce$$2]. The question
dation of the behavior and reactivity of a radical ion pair encountered in the previous study is whether back electron
intermediate generated by photoinduced electron transfertransfer and diffusive separation of caged radical ions pro-
[1-4]. Heretofore, much effort has been devoted to the ceed through a contact or a solvent-separated radical ion
achievement of the charge-separated state in many electromair or both intermediates in the 9,10-dicyanoanthracene
donor—acceptor model systems, which plays an essential rolgDCA)-sensitized photooxidation of the model hydroxy-
in constructing a highly efficient light energy-storage system |lamines in polar solvents. Systematic studies on the mecha-
[5,6]. In this regard, Marcus has made great contributions nism of acyloxy photomigration demonstrated that quantum
to elucidating factors that control reverse electron transfer yields for the 1,3- and 1,5-acyloxy-migrated products de-
rate in a given charge-separated s{a@t€l0]. In a previous rived from recombination of radicals within caged contact
study we found that in the presence of an electron-acceptingand solvent-separated radical pairs, respectively, exhibit a
sensitizer and oxygen, the photoinduced electron transferdifferent dependence on solvent viscosit,14] This find-
reaction of N,N-dibenzylhydroxylamine proceeds cleanly ing led us to explore viscosity effects on the quantum yields
to give N-benzylidenebenzylamini-oxide in quantitative  for formation of N-benzylidenebenzylamindl-oxide and
yield and, hence, is an excellent model system for clarifying its derivatives in order to shed much light on the question
described above. Taking into account that molecular dimen-
"+ Corresponding author. Teh:81-45-481-5661; fax481-45-491-7915.  Sion may affect the rate of back electron transfer within
E-mail address: sakurt0l@kanagawa-u.ac.jp (T. Sakurai). photogenerated geminate radical ion pgusl5,16] we
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designed and synthesizéd-d as modelN,N-disubstituted DCA hv DCA(S,)

hydroxylamines for investigating viscosity effects on DCA-

sensitized photooxidation of these hydroxylamines in pro- DCA(S;) kL DCA

tic polar solvents whose viscosity was adjusted by using

methanol and glycerol of comparable polarity. DCA(S,) + O, ko DCA + O,
DCA(S) + 1 ke "[DCA™/ 1] 0g

2. Results and discussion Ky

'[DCAT/1¥] g —————= DCA + 1

ko

In a previous study we confirmed that the DCA-sensitized DCA/ 1 ¥ Lo DCAT + 1%

photooxidation ofla in oxygen-saturated acetonitrile or

methanol proceeds cleanly to gi-benzylidenebenzyl- DCAT + 02_&_, DCA + O,v

amine N-oxide Qa) and hydrogen peroxide without un-

dergoing any side reactions of these products at low 1t . 02:_’“____, (ArCHp),N-O+ + HOO*
conversions of the startinja (<20%) (Scheme )X [11]. p

The irradiation of a methanol solution db—d ((1.5-50) x (ArCH,),N-O+ + HOO* - 2 + H0,

103moldm2 for 1b, (2.0-100) x 10 3moldm23 for
1c and (1.0-25) x 10-3moldm2 for 1d) under the same A=) O )

conditions as those fota ((2.0-1Q0) x 10~3moldm3; O )

[DCA] = 1.0 x 10*moldm3) exhibited a very similar e

UV absorption spectral change in which the characteristic

absorption of the product was fully consistent with that of Scheme 2. Reaction mechanism proposed for the DCA-sensitized pho-
the corresponding authent-oxide @b—d) prepared in- tooxidation of1 in oxygen-saturated methanol and methanol containing
dependently $cheme ) The finding that the presence of 9vcerol

glycerol exerts no effect on the mode of this spectral change . - . . .

allows us to conclude that the sensitized photooxidation of !arge dissociation ability18], the reaction ofl cation rad-

. . | with superoxide inScheme 2s considered to afford
the startin roceeds (according t8cheme 1 to afford2 Ical W Iperc . o
and hydroglerrw) peroxide( quantitagvely at Iowlconversions. 1-derived nitroxide and hydroperoxyl radical via direct pro-

In order to discuss solvent viscosity effects on DCA- ton transfer, as previously proposed. Because deactivation

sensitized oxidation processeslah methanol, we propose process ofl cation radical and DCA. anion rad|gal by in-
Scheme 2on the basis of the previous findings, where the termplecular .bac{( elect'ron .transfer Is included in that of a
reaction occurs by a superoxide mechanism and electrongemlnate radical ion pa.'k”e‘.m Sche_me_ defers tp the FOtaI
transfer from to the excited singlet-state DCA forms a gem- rate constant for deactivation of this intermediate via back
inate radical ion pair intermediate. Bilski et al. reported that electron transfer. . ' . :

the sensitized photooxidation dEN-diethylhydroxylamine Scheme Jorces us to €xamine at first viscosity effects
gives hydrogen peroxide as one of the major products and?" the fluorescence quenching OT D.CA ﬂmnq oxygen,
the diethylnitroxide intermediate plays a central role in this as we!l as on the _fluc_Jrescence lifetime of this sensitizer.
sensitized oxidatiofiL7]. In addition, if we take into account As typically shown inFig. 1, the fluorescence of DCA was

that the hvd | prot f hvd lami h |ativel quenched byla in nitrogen—saturatgd methanol containing
atthe hydroxy! profon of hydroxylamines has a refatively 0, 25 and 50vol.% glycerol according to the Stern—\olmer

N equation Eq. (1), wherel andlg are the fluorescence in-

. _&%» ©/\z_/\© . HO, tensities of DCA with and withoula—d, respectivelyket
28 is the quenching rate constant, argithe fluorescence life-

time of DCA (in the absence of the quenctgrand was
estimated to be 13.0ns irrespective of solvent viscosity,

O ‘ Similar emission quenching behavior was
DAN/\@\ \ﬁ
el Ao
Ph Ph g — = 1+ kerrs[1a—d] (1)
(o]

2b 1

O ‘ observed also follb—d in protic polar solvents of differ-
S\ ing viscosity. InTable 1are collected thég; values evalu-
O & O ated from the slopes of linear Stern—Volmer plots and the
Me Me
2d

(e}

emission lifetime. The data show that an increase in solvent
viscosity lowers the fluorescence quenching rate for any

Scheme 1. Products obtained by DCA-sensitized photooxidatidia-af starting hydroxylamines while the replacement of phenyl
in oxygen-saturated methanol. groups inla by biphenylyl (Lb) or naphthyl {c and 1d)
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Fig. 2. Viscosity dependence ¢f; (@, A) and k-¢/kp (H) evaluated
Fig. 1. Stern—Volmer plots for the fluorescence quenching of DCA from analyses of thgpz—al vs. [1a]~! plot (@, M) as well as of the

(1.0 x 10-*moldnr3) by 1a in nitrogen-saturated methano®j and Stern—Volmer plot for the fluorescence quenching of DCAlay(A).
methanol containing 25 vol.%) and 50 vol.% M) glycerol at 24-1°C.

Excitation wavelength is 366 nm.

ity substantiates the participation of a diffusion-controlled
) . . emission quenching process also in this case.
increases the quenching rate constant in methanol by a fac- - A ajready described above, the DCA-sensitized photoox-
tor of ca. 2. The.former observation qleaﬂy |nd|catgs the idation of 1a—d in a given solvent quantitatively affords the
occurrence_of a diffusion-controlled emission quenching, as corresponding\-oxide 2, the amount of which can be ac-
seen fromFig. 2 On the other hand, it is reasonable t0 as- ¢, ately determined even at appreciably low conversions of
sume that the fluorescence of DCA is quenched by oxygenye siarting1 (<2%) according to the spectrophotometric
according to the following Stern—Volmer equatider (2) method. Thus, an analysis of the viscosity dependence of

I(N2) guantum yields for formation of at different concentra-
10y 1+ kots[O2] @ tions of1 is considered to give us valuable information about

) » factors determining the sensitized oxidation efficiency in
where 1(Oz) and I(Nz) are the fluorescence intensities e polar solvents. By applying the steady-state approxi-
of DCA with and without saturated Oxygen, respec- aiion toScheme 2we obtainEg. (3) whered refers to

tively, and ko is the quenching rate constant. Thus, the he quantum yield for appearancefs typically depicted
emission-intensity measurements of DCA in oxygen- and i Fig 3 there was a good

nitrogen-saturated protic solvents allow us to estimate the
ko[O2] value in a given solventTable ). The finding that -1 _ (1+ k_et) {1 kd + ko[O2] } 3)
the ko[O>] value diminishes with increasing solvent viscos- ked 1]

kp

Table 1
Viscosity effects on the kinetic parameteig,(ko[O2], ket, @2,im and k-efkp) obtained by the measurements of emission lifetime and quenching of
DCA and of quantum yields for the sensitized photooxidatiorl @f a given solvent

Hydroxylamine  Solvent Viscosity, kg ko[O2] kel ke? Poiim k-etkp
n(mPas) (10°s1) (10'sh)  (10°dmPmollsl) (1°dmPmollsl)
la MeOH-—glycerol (1:0, v/v) 0.57 7.7 3.9 7.7 8.3 0.27 2.7
MeOH-glycerol (3:1, v/v) 2.30 7.7 1.9 43 2.9 0.24 3.2
MeOH-—glycerol (1:1, v/v)  15.15 7.7 0.89 3.8 14 0.17 4.9
1b MeOH-—glycerol (1:0, v/v) 0.57 7.7 3.9 13 17 0.32 21
MeOH-—glycerol (3:1, v/v) 2.30 7.7 1.9 5.3 3.7 0.42 1.4
MeOH-—glycerol (1:1, v/v)  15.15 7.7 0.89 2.1 2.4 0.13 6.7
1c MeOH-—glycerol (1:0, v/v) 0.57 7.7 3.9 13 19 0.27 2.7
MeOH-—glycerol (3:1, v/v) 2.30 7.7 1.9 5.2 4.2 0.27 2.7
MeOH-glycerol (1:1, viv)  15.15 7.7 0.89 4.8 1.2 0.20 4.0
1d MeOH-—glycerol (1:0, v/v) 0.57 7.7 3.9 16 21 0.47 11
MeOH-glycerol (3:1, v/v) 2.30 7.7 1.9 12 8.7 0.37 1.7

aDetermined from the fluorescence quenching of DCAlbiy a given solvent.
b Calculated by usingq, ko[O2] and (kg + ko[O2])/ ket In @ given solvent.
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250 . r T . . derived

k-
1 et
i Pyim =1+ o

(4)

wherek-¢; andkp are the total rate constants for return elec-
1 tron transfer within a geminate radical ion pair and for dif-
fusive separation of radical ions out of this geminate ion
pair intermediate, respectively. The usekaf. (4)allows us
to determine thée¢kp value (Table 1 and then to discuss
viscosity effects on this relative rate for each system. Inter-
1 estingly, the magnitude of the relative r&tgykp is not very
sensitive to solvent viscosity in any systems although it has
0 ! . . . . a tendency to slightly increase with an increase in viscosity,
0 100 200 300 400 500 600 as typically demonstrated Iig. 2 This finding reveals that
(1a]™! (mol™! dm’) the increased viscosity lowers the rates for both processes
Fig. 3. Double reciprocal plots ab; vs. [1a]~* for the DCA-sensitized of the rgturn electron transfer and the difquive sep'aration pf
photooxidation ofla in oxygen-saturated methano®j and methanol radical ions to almost the same extent, being consistent with
containing 25vol.% A) and 50vol.% W) glycerol at 24+ 2°C. the viscosity dependence of these two processes in a gem-
inate radical ion pair generated by photoinduced electron
transfer from tris(2,2bipyridine)ruthenium(ll) to methylvi-
linear relationship between the reciprocalsfof (1) and ologen[19]. It is reasonable to conclude, therefore, that the
1a concentration ([a]~1) in any solvents of different vis-  return electron transfer in a given radical ion pair and the
cosity. The same linear relationship was observediied, diffusive separation of this ion pair proceed mainly from a
whereas the lower solubility ofd made it impossible to  solvent-separated radical ion pair intermediate, because sol-
measure quantum yields for the reaction in methanol con- vent viscosity may exert only a small effect on the rate of
taining 50 vol.% glycerol, as in the case of the fluorescence back electron transfer in a contact radical ion pair. It was
guenching of DCA byld. From the intercept and the ra- previously suggested that electrostatic and hydrogen bond-
tio of the slope to the intercept of linear plots obtained, ing interactions between caged radical ions and methanol
we were able to estimate the limiting quantum vyields, i.e., molecules are responsible for the larger limiting quantum
the quantum vyields extrapolated to infinite concentrations yield in methanol than in acetonitrifgd2]. It is, thus, very
of la—d, for formation of 2a—d (®23—g im) and the mag- likely that the presence of glycerol having a higher solva-
nitude of (kq + ko[O2])/ket, respectively. Because thq, tion ability, as compared to that of methanol, enhances the
ko[O2] and ket values were already determined, it is pos- stability of the ion pair to result in a further decrease of the
sible to compare thég; values obtained by two different  back electron transfer raf20—22] In other words, in addi-
procedures. These are summarizedable 1 Taking into tion to an increase in viscosity, the larger contribution of the
account that the indirect method necessarily leads to a rela-electrostatic and hydrogen bonding interactions described
tively large error, the two methods can be considered to give above suppresses the movements of caged radical ions (that
the ket values which are comparable to each other at any enable their back electron transfer and diffusional separa-
viscosity. This finding, therefore, provides strong kinetic ev- tion) to almost the same extent, as observed. These consid-
idence for a superoxide mechanism by which our sensitized erations substantiate the intervention of a solvent-separated
photooxidation reactions proceed. radical ion pair as a key intermediate in the DCA-sensitized
An inspection ofFig. 3 demonstrates that an increase photooxidation process dfin protic polar solvents.
in solvent viscosity makes the slope of the linear plot Now we direct our attention to molecular size effects
greater but exerts only a minor effect on the intercept. As on the rate constant for back electron transfer within a
seen fromEq. (3) the intercept and the slope are given solvent-separated radical ion pair intermediate generated in
by (1 + k-et/ kp) and (1 + k-et/ kp) (kg + ko[O2])/ ket, re- methanol. Since the rate const&ptcan be assumed to un-
spectively, so that thékq + ko[O2])/ ket value should be  dergo only a very small molecular size effddt15], the
increased as viscosity is enhanced. In addition to the re-k-e/kp value is a measure of the magnitude of this size effect.
lation: kg > ko[O2] (Table J), the facts thatky is little Through an analysis of the rates for return electron transfer
influenced by solvent viscosity and the increased viscos- within geminate radical ion pairs produced by photoinduced
ity lowers the quenching rate constdgt confirm that the electron transfer from methyl-substituted benzenes, naph-
slope of linear plots observed is mainly determined by the thalenes and biphenyls to DCA, it has been confirmed that
viscosity dependence d¢&i. On the other hand, the start- the two-aromatic ring donors give smalleg; values than
ing hydroxylaminesla—d at their infinite concentrations the one-ring donors owing to more pronounced charge de-
can be assumed to quench the DCA fluorescence via eleciocalization in the formef4,15]. It has also been revealed
tron transfer with 100% efficiency and, hendgg. (4) is that the overall size of donor molecules is not important.
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Thus, the observation that there is only a minor difference in dures[11]. Similar methods were applied to the preparation
k-et/kp amongla (two phenyl groups)1b (two biphenylyl of 1b—d and 2b—d. The crude productdb—d and 2b—d
groups) and.c (two naphthyl groups) strongly suggests that were purified by repeated recrystallization from EtOHEH

an unpaired electron generated on the hydroxylamino nitro- to EtOAc—hexane, respectively. The physical and spectro-
gen is not appreciably delocalized into the aromatic rings. scopic properties of these compounds are as follows.

This enables strong electrostatic and hydrogen bonding in-

teractions between the cagédcation radical-DCA anion  3-2.1. N,N-Bis(4-phenylbenzyl)hydroxylamine (1b)

radical pair and protic polar solvent molecules broken into ~ Mp 144.5-145.5C. IR (KBr) v: 3496cnmt. 'H NMR

the cage. The startintd bearing electron-donating methyl (500 MHz, DMSO-@) &: 3.88 (4H, s), 7.34 (2H, dd/ =
groups afforded smallek-ed/kp value, suggesting that the 7.3, 7.3Hz), 7.45 (4H, dd/ = 7.3, 8.6 Hz), 7.46 (4H, d,

1d-derived cation radical is stabilized by the methyl groups 7/ = 8.6Hz), 7.61 (4H, d,J = 8.6Hz), 7.64 (4H, d.J =
to some extent. 8.6 Hz), 7.86 (1H, s}3C NMR (DMSO-d) §: 63.4, 126.3,

126.5, 127.2, 128.9, 129.6, 137.9, 138.7, 140.1. Analysis:
calculated for GgH23NO: C, 85.45%; H, 6.34%; N, 3.83%;
3. Experimental found: C, 85.15%; H, 6.09%; N, 3.86%.

3.1. Measurements 3.2.2. N,N-Bis(1-naphthylmethyl)hydroxylamine (1c)
mp 129.5-130.5C. IR (KBr) v: 3220cntt. 'H NMR

Ultraviolet (UV) absorption and fluorescence spectra were (500 MHz, CDC4) §: 4.22 (4H, s), 5.50 (1H, br, s), 7.30 (2H,
recorded on a Shimadzu UV-2200 spectrophotometer anddd, J = 8.3, 9.2Hz), 7.39 (2H, ddJ = 7.3, 7.3Hz), 7.43
a Shimadzu RF-5000 spectrofluorimeter, respectively. Nu- (2H, dd,J = 7.3, 7.3Hz), 7.48 (2H, d/ = 7.3Hz), 7.77
clear magnetic resonance (NMR) spectra were taken with (2H, d,J = 7'3'1"32)* 7.81 (2H, d.J = 8.3Hz), 7.87 (2H,

a JEOL JNM-A500 spectrometer. Chemical shifts (in ppm) & / = 9:2Hz). =°C NMR (CDCk) §: 62.2, 124.6, 125.2,
were determined using tetramethylsilane as an internal stan-125-6, _125-8’ 128.39, 128.45, 128.6, 132.3, 133.1, 133.8.
dard. The fluorescence lifetime of 9,10-dicyanoanthraceneAnalysis: calculated for £H;gNO: C, 84.31%; H, 6.11%;
was measured with a time-correlated single-photon count-N» 4-47%; found: C, 83.96%; H, 6.15%; N, 4.38%.

ing apparatus (Horiba NAES-700) under the same condi-
tions as those previously report§tll]. The viscosities of
methanol and methanol containing glycerol were determined
using an Ubbelohde viscometer at“Z5 The viscosity of
methanol (0.568 mPass) was in good agreement with the lit-
erature value (0.5513 mPa[8B]. Infrared (IR) spectra were
taken with a Hitachi Model 270-30 infrared spectrometer.
Elemental analyses were performed on a Perkin-Elmer 2400
series Il CHNS/O analyzer.

A potassium tris(oxalato)ferrate(lll) actinometer was
employed to determine the quantum yields for appearance
of the products2a—d at low conversions of the starting
hydroxylaminel (<2%) [24]. A 450 W high-pressure Hg 32 4 N-(4-Phenylbenzylidene)-N-(4-phenylbenzyl)amine
lamp was used as the light source from which 366 nm N_qxide (20)

Iight was selected with Corning 0-52, Corning 7-60 and mp 228.0-228.5C. 1H NMR (500 MHz, DMSO-@) S
Toshiba IRA-25S glass filters. All of the quantum yields g 15 (2H, s), 7.37 (1H, ddJ = 7.3, 7.3 Hz), 7.40 (1H, dd,
are an average of more than five determinations. In order ; _ 7.3, 7.3Hz), 7.47 (2H, ddJ = 7.3, 7.9 Hz), 7.48 (2H,

to quantify the formation oa—d spectrophotometrically,  §q ; — 7.3, 7.9Hz), 7.60 (2H, dJ = 8.5Hz), 7.67 (2H,
their molar absorption coefficients)(at given wavelengths g ; — 7.9Hz), 7.69 (2H, dJ = 8.5Hz), 7.73 (2H, dJ =
were employed:e in methanol and methanol—glycerol 7 9z) 7.76 (2H, dJ = 8.5Hz), 8.19 (1H, s), 8.33 (2H, d,
(drm? mol~* cmi™): 2.10 x 10% at 294nm a), 369 x 10 ; _ g 5Hz). 13C NMR (DMSO-ah) &: 70.9, 127.09, 127.09,

at 317nm gb), 1.72 x 10* at 335nm gc) and 300 x 10 1272 127.6, 127.76, 127.84, 128.86, 128.90, 129.1, 129.4,

3.2.3. N,N-Big[ 1-(2-methyl)naphthyl methyl ] hydroxylamine
(1d)

mp 189.0-190.0C. IR (KBr) v: 3302cnml. 1H NMR
(500 MHz, DMSO-@) §: 2.49 (6H, s), 4.32 (4H, s), 7.19
(2H, dd,J = 8.2, 8.6 Hz), 7.31 (2H, dd/ = 7.3, 8.2 Hz),
7.33 (2H, d,J = 8.6 Hz), 7.70 (2H, dJ = 8.6 Hz), 7.77
(2H,d,J = 7.3Hz), 7.77 (1H, s), 7.96 (2H, d; = 8.6 Hz).
13C NMR (DMSO-d) §: 20.2, 56.6, 124.4, 125.0, 125.4,
127.4, 127.9, 129.1, 130.9, 132.1, 133.0, 135.6. Analysis:
calculated for G4H23NO: C, 84.42%:; H, 6.79%; N, 4.10%;
found: C, 84.38%; H, 6.66%; N, 4.08%.

at 330 nm gd). 129.7, 132.2, 134.0, 140.2, 140.5, 142.0, 143.0. Analysis:
. calculated for GgH21NO: C, 85.92%:; H, 5.82%; N, 3.85%;
3.2. Materials and solvents found: C, 85.76%: H, 5.83%; N, 3.65%.

N,N-Dibenzylhydroxylamine 1a, mp 122.0-123.0C; 3.2.5. N-(1-Naphthylmethylene)-N-(1-
lit., 123°C [25]) and N-benzylidenebenzylaminsl-oxide naphthyl methyl)amine N-oxide (2c)
(2a, mp 81.0-82.0C; lit., 81.5-83.5C [26]) were prepared mp 144.0-145.5C. 'H NMR (500 MHz, DMSO-@) §:
and purified according to the previously described proce- 5.66 (2H, s), 7.31 (1H, dd/ = 6.4, 8.4Hz), 7.38-7.41
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