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Cyanoant hracene-sensitized Photooxidations of N,N- Di benzyl hydroxylamine 
and its Derivatives: Free-energy Dependence of Back Electron-transfer Rates 
within Geminate Radical Ion Pairs l 

Tadamitsu Sakurai,” Mayumi Yokono, Kanako Komiya, Yasuo Masuda and Hiroyasu lnoue 
Department of Applied Chemistry, Faculty of Technology, Kanagawa University, Kanaga wa - ku, 
Yokohama 22 7, Japan 

The fluorescence of 9-cyanoanthracene (CA) and 9.1 0-dicyanoanthracene (DCA) is quenched by 
the title hydroxylamine 1 in acetonitrile according to the Stern-Volmer equation. An  analysis of the 
Rehm-WeIler plot of the bimolecular quenching rate constant against the free-energy change 
involved in the electron-transfer (ET) process indicated the operation of an ET mechanism for the 
fluorescence quenching of CA and DCA by the hydroxylamine quencher. However, solvent 
deuterium isotope effects on the quantum yields for the CA- and DCA-sensitized oxidations of 1 in 
acetonitrile established that there is a substantial contribution of a singlet oxygen mechanism to the 
overall CA-sensitized reaction in the low concentration ranges of 1 but its contribution markedly 
decreases with an increase in the concentration of 1, thus enabling us to use the limiting quantum 
yield ( for the estimation of the back electron-transfer (BET) rate within the initially-formed 
geminate radical ion pair (GRIP), which serves as a key intermediate for a superoxide mechanism. In 
addition to protic solvent effects on the slim value, the free-energy dependence of  the rate of BET 
giving the starting 1 and the sensitizer demonstrated that BET within the GRIP obtained by ET 
from 1 to excited DCA proceeds through a solvent-separated radical ion pair (SSRIP) in the Marcus 
‘normal region’ whereas BET within the GRIP formed by ET between 1 and excited CA takes 
place from a contact radical ion pair (CRIP) in the Marcus ’inverted region’, except in the 
CA-N.N-bis(p-methylbenzyl) hydroxylamine system. The BET in this system is suggested to 
occur not from a CRIP but from a SSRIP in the ‘inverted region’ resulting in a much higher 
sensitized-oxidation efficiency than expected. 

Marcus has proposed a theory that predicts the existence of a 
so-called ‘inverted region’ where the electron-transfer (ET) rate 
decreases with increasing free-energy difference between a 
reactant and a product.2 Since ET is one of the most 
fundamental chemical reactions in chemistry and biology, much 
efFort has been devoted to the confirmation of the Marcus 
theory. Recently, several groups have reported experimental 
evidence for the prediction of the Marcus theory that ET rates 
show a bell-shaped free-energy 

In a previous study l9  we found that N,N-dibenzylhydroxyl- 
amine la undergoes 9,l O-dicyanoanthracene (DCA)-sensitized 
oxidation in acetonitrile (MeCN) giving N-benzylidenebenzyl- 
amine N-oxide 2a and hydrogen peroxide in quantitative yields 
(Scheme 1). Thermodynamic and kinetic analyses of this 
sensitized oxidation revealed the involvement of superoxide 
(02*-) as the major oxidizing species in the process. 
Additionally, the efficiency of the sensitized photooxidation of 
la at its infinite concentration was shown to be determined by 
the rate of back electron transfer (BET) within the photochem- 
ically-generated geminate radical ion pair (GRIP), relative to 
the rate of diffusional separation to free radical ions. 

Since the combination of N,N-bis(substituted benzy1)hydr- 
oxylamines la-f and cyano-substituted anthracenes (ACN) 
(Scheme 1 in which 9-cyanoanthracene is abbreviated as CA) 
makes it possible to vary the magnitude of the free-energy 
change for the BET process over a wide range and thus to 
observe both the Marcus ‘normal region’ and ‘inverted region’, 
we investigated the free-energy dependence of BET rates within 
GRIPS produced by ET from the ground-state l a  and its 
derivatives lb-f to the excited-state CA or DCA in MeCN at 
room temperature. In this paper we present results which 
demonstrate that BET within the GRIP obtained by ET from 1 

I d  
c 

scbeme 1 

to excited DCA proceeds through a solvent-separated radical 
ion pair in the Marcus ‘normal region’ whereas BET within the 
GRIP formed by ET between 1 and excited CA takes place from 
a contact radical ion pair in the Marcus ‘inverted region’ except 
in the CA-lf system. 

Results and D i e c e o n  
Fluorescence Quenching of CA andDCA by la-f.-As typically 

shown in Fig. 1, the fluorescence of CA and DCA was quenched 
by la-f in oxygen-free MeCN at room temperature according 
to the Stern-Volmer equation [eqn. (I)], where I and I ,  are the 
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I,/I = 1 + k,,t,[la-f] 

fluorescence intensities of CA or DCA with and without la-f, 
respectively, k,, is the bimolecular quenching rate constant, and 
t, is the fluorescence lifetime of the fluorescer in the absence of 
the quencher. From the slopes (k,,t,) of the obtained linear plots 
and z, in nitrogen-purged MeCN for CA (16.1 ns) and DCA 
(16.0 ns), the k,, values for la-f as quenchers were evaluated 
(Table 1). The free-energy change for ET (A,,@ from the 
ground-state la-f to the excited-state CA or DCA is given by 
the Rehm-Weller equation [eqn. (2)]," where E,,, is the 

A,,G/kJmol-' = 96.5(E0, - Ered) - e2/er - Es (2) 

oxidation potential of the donor 1, Ered is the reduction 
potential of the acceptor CA [- 1.58 V us. saturated calomel 
electrode (SCE) in MeCN12' or DCA (-0.98 V us. SCE in 

I I I I 
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Stern-Volmer plots for the fluorescence quenching of CA (0) 
mol dm-3) by l a  in oxygen-free acetonitrile at 

Fig. 1 
and DCA (0) (1 .O x 
room temperature. Excitation wavelength = 366 nm. 

MeCN) 21, e2/w is the Coulomb attraction energy (5.8 kJ mol-' 
in MeCN)" gained by bringing the two radical ions to the 
encounter distance r in a solvent of relative permittivity E ,  and 
Es is the first singlet excitation energy of CA (293 kJ mol-') '' or 
DCA (279 kJ mol-1).21 Based on this Rehm-Weller equation 
and the oxidation potentials of la-f in MeCN, the A,,G values 
were determined (Table 1). The Rehm-Weller plot shown in 
Fig. 2 indicates that the quenching rate constant k,, increases 
according to a logarithmic law with decreasing AetG up to a 
limiting value which corresponds to the diffusion-controlled 
process, being consistent with the operation of an ET 
mechanism for the fluorescence quenching of CA and DCA by 
la-f. A comparison of the UV absorption spectra of la-f with 
those of CA and DCA establishes that the first singlet excitation 
energies of la-f are much larger than those of these fluorescers, 
making the Occurrence of singlet-singlet energy transfer from 
the fluorescer to the quencher very unlikely. Although the Ae,G 
dependence of log k,, cannot be estimated in methanol 
(MeOH), the finding that the magnitudes of k,, for a given 
quencher-fluorescer system in MeCN and MeOH are com- 
parable (Table 1) strongly suggests that the emission quenching 
predominantly takes place by an ET mechanism also in MeOH. 

t 
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Fig. 2 Rehm-Weller plot for the fluorescence quenching of CA and 
DCA by la-f in acetonitrile 

Table 1 
acetonitrile at room temperature (25 2 1 "C) 

Oxidation potentials of la-f (Eox), free-energy changes for electron transfer (Ac,@, and fluorescence-quenching rate constants (keJ in 

Fluorescer Quencher EoX/V us. SCE A,,G/kJ mol-' k,t/lO'O dm3 mol-' s-' 

DCA 
DCA 
DCA 
DCA 
DCA 
DCA 
CA 
CA 
CA 
CA 
CA 
CA 

If 
l a  
l b  
l c  
Id 
l e  
If 
l a  
l b  
l c  
Id 
le  

0.67 
0.76 
0.76 
0.85 
0.88 
1 .oo 
0.67 
0.76 
0.76 
0.85 
0.88 
1 .oo 

- 125 
-117 
-117 
- 108 
- 105 
- 94 
- 82 
- 73 
- 73 
- 65 
- 62 
-44 

1.4 (0.89)" 
1.1 (0.81)" 
1.1 (0.85)" 
0.88 (-) 
1.1 (0.89)" 
0.70 (0.70)" 

0.13 (0.18)" 
0.086 (0.1 1) " 
0.065 (-) * 
0.12 (0.13)" 
0.042 (0.061)" 

0.20 (0.22)" 

" The k,, value in methanol. Not determined. 
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Fig. 3 Stern-Volmer plots of 
saturated acetonitrile (0) and methanol (.) at room temperature 

uersus [la]-' for the CA (1 .O x lo4 mol dm-3)-sensitized photooxidations of la with 366 nm light in oxygen- 

Kikuchi and co-workers have shown that the fluorescence 
quenching of cyano-substituted anthracenes proceeds through 
two different mechanisms depending on the magnitude of free- 
energy change for an ET process.22 In the region where the 
emission quenching occurs at a diffusion-controlled rate, a long- 
distance ET forming the ground-state GRIP is responsible for 
this quenching, whereas an exciplex becomes the primary 
quenching product in the region where the quenching rate 
constants are well below the diffusional limit. Thus, there 
remains the possibility that the CA fluorescence is quenched by 
way of a non-emissive singlet-exciplex intermediate, because 
exciplex fluorescence from the CA-1 system was not detected 
under the present experimental conditions. 

CA- and DCA-sensitized Oxidations of la-f.-An 0,-satur- 
ated MeCN solution of la-f ( 1 . 5 4  x mol dm-3) 
containing CA or DCA (1 .O x 1 O4 mol dm-3), being irradiated 
with 366 nm light, exhibited UV absorption spectral changes 
very similar to those previously observed for the DCA-la 
system." Similar results were obtained also in MeOH. 
Additionally, the UV absorption spectrum of each product 
having a maximum around 300 nm, where CA, DCA and la-f 
give only weak absorption, agreed with that of the corre- 
sponding authentic sample 2, independently prepared. In 
addition to these findings, the ET quenching of CA or DCA 
fluorescence by la-f in polar solvents allows us to propose 
Scheme 2 in which 02*- is involved as the major oxidizing 
species in the process, irrespective of the sensitizer and the 
substituent introduced into the benzene ring of la.  By applying 
the steady-state approximation to this scheme, we obtain 
eqn. (3), where m2 refers to the quantum yield for appearance 
of 2. 

ACN 5 'ACN 

' ACN ACN 

'ACN + 0 , A A C N  + 0, 

'ACN + 1 k, '[ACN'- l"] 

'[ACN'- I"] h ACN + 1 

ACN'- + 0, ACN + 0,'- 

1'' + 0 , ' - & 2  + H , 0 2  

Scheme 2 

The same spectrophotometric method as before l9 was 
employed for the determination of Q2 at low conversions ( d 1 %) 
of the starting hydroxylamine 1. From the intercept and the 
ratio of the slope to the intercept of linear Stern-Volmer plots 
typically depicted in Fig. 3, we can estimate the limiting 
quantum yields, i.e., the quantum yields extrapolated to infinite 
concentrations of la-f, for formation of 2a-f (@a-f,lim) and 
the magnitude of ( k d  + k0[02])/k,,. respectively. Since the kd, 
k0[02] and k,, values can be determined independently through 
an analysis of the lifetime (1 /kd),  O2 quenching (k0 [02] )  and la- 
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Table 2 
(25 k 1 "C) 

Lifetime (l/kd), 0, quenching (kO[O,]) and related parameters [(kd + k,[O,])/k,,] of the CA and DCA fluorescences at room temperature 

System Solvent kd/ 10 ' s-' kO[o21/107 s-1 (kd + k,[o,])/k,p/10-~ mol dm-3 (kd + k,[~,])/k,,b/lO-~ mol dm-3 

DCA-la 
DCA-lb 
DCA-lc 
DCA-Id 
DCA-le 
DCA-If 
CA-la 
CA-lb 
CA-IC 
CA-ld 
CA-le 

DCA-la 
DCA-lb 
DCA-ld 
DCA-le 
DCA-If 
CA-la 

CA-If 

CA-lb 
CA-Id 
CA-le 
CA-If 

~~~ - 

MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 

~~ 

6.25 
6.25 
6.25 
6.25 
6.25 
6.25 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.4 
6.4 
6.4 
6.4 
6.4 
5.8 
5.8 
5.8 
5.8 
5.8 

~ 

3.8 
3.8 
3.8 
3.8 
3.8 
3.8 

1 1  
I 1  
1 1  
1 1  
1 1  
1 1  
5.6 
5.6 
5.6 
5.6 
5.6 
9.6 
9.6 
9.6 
9.6 
9.6 

9.1 
9.1 

9.1 

7.2 

1 1  

14 

130 
200 
265 
140 
410 

86 
15 
14 
13.5 
17 
13.5 
86 

140 
120 
250 

70 

2.8 
4.8 
2.2 
2.4 
6.3 
2.6 
8.1 

13 
19 
9.7 

42 
8.4 

26 
25.5 
29 
46 
23 

180 
140 
210 
720 

13 

Calculated by using the independently determined parameters kd, k,[O,] and ket. Determined from the ratio of the slope to the intercept of the 
linear l / h - f ~ s .  l/[la--q plots. 

f quenching (ket, Table 1) of the CA or DCA fluorescence, it is 
possible to compare the (kd + k,[O,])/k,, values obtained by 
two different procedures. These are summarized in Table 2 
which also includes the k, and k,[O,] values. Taking into 
account that the indirect and yet different methods for the 
estimation of (kd + k,[O,])/k, necessarily lead to a relatively 
large error, this value determined from the linear Stern-Volmer 
plot for the DCA-1 system in MeCN and MeOH as well as 
for the CA-1 system in MeOH is taken to be comparable with 
that calculated by using the sensitizer fluorescence-lifetime and 
-quenching parameters for the corresponding system in a given 
solvent. This finding, therefore, provides a strong piece of kinetic 
evidence for the involvement of 0,'- as the major oxidizing 
species in the sensitized oxidation reactions. 

The previous observation l 9  that the DCA-sensitized oxid- 
ation of l a  (2.0 x lo-, mol dm-3) in MeCN and MeOH 
undergoes solvent deuterium isotope effects to only a very small 
extent [&(D)/@&(H) = 1.2 k 0.1 for CD,CN/MeCN and 
0.9 k 0.1 for MeOD/MeOH, where D and H in parentheses 
represent deuteriated and protiated solvents, respectively] 
also substantiates a preferential 0,'- mechanism. However, the 
(kd + k,[O,])/k,, values obtained from the quantum-yield 
measurements for the CA-la-f systems in MeCN are un- 
doubtedly much smaller than those determined by the other 
method (more than a factor of lo), suggesting some contri- 
bution of a singlet oxygen (lo2) mechanism to the overall CA- 
sensitized oxidation in this solvent. In order to estimate the 
extent to which a '0, mechanism contributes, we measured 
solvent deuterium isotope effects on using CD3CN as 
solvent and obtained aZa(D)/Qza(H) = 1.2 f 0.1 at [la] = 
2.0 x lo-, rnol dm-3 and 3.9 k 0.2 at [la] = 1.5 x rnol 
dm-3. In a previous studylg the qa(D)/@&(H) value was 
calculated based on eqn. (4), where kA(H) and kA(D) are the rate 

constants for deactivation of '0, in MeCN (1/65 p)23 and 
CD,CN (1/600 ~ L S ) , ~  at room temperature, respectively and k,' 
is the total rate constant for the reaction of '0, with l a  
(1.2 x lo4 dm3 mol-' s-').19 The use of eqn. (4) gave calculated 

isotope effects of 8.2 at [la] = 2.0 x lo-, mol dm-3 and 9.1 at 
[la] = 1.5 x mol dm-3. Thus, a comparison of these 
calculated isotope effects with the observed ones reveals that 
there is substantial contribution of a '0, mechanism to the 
overall CA-sensitized oxidation process in MeCN at a low la  
concentration but the extent of its contribution eminently 
decreases with an increase in the l a  concentration. A careful 
inspection of the (kd + k,[O,])/k,, value for the DCA-1 system 
in MeCN suggests the possible participation of a '0, 
mechanism in the low concentration ranges of la-f. 

Taking into consideration that the reactivity of '02 toward 
some alkenes 24 and N,N-diethylhydroxylamine 2 5  is subject to 
only small solvent polarity effects, the predominant involve- 
ment of 0,'- in the oxidation process in MeOH may be due to 
the much reduced lifetime of '02 (9.5 p)26 in MeOH as 
compared with that (65 p)23 in MeCN. The finding that 
the increased concentration of 1 reduces the contribution of a 
'0, mechanism relative to a 0,'- mechanism allows us to 
conclude that the use of @2a-f,lim makes the contribution of a 
'0, mechanism negligible, since la-f at infinite concentration 
can be assumed to quench the CA and DCA fluorescences uia 
ET with 100% efficiency. Therefore, eqn. (5) is regarded as being 

valid for the CA- and DCA-sensitized oxidations of 1 in the 
polar solvents, MeCN and MeOH, in which k - and k, are the 
rate constants for BET within the GRIP '[ACN'- I"] 
(Scheme 2) and diffusive separation of radical ions out of this 
GRIP, respectively. 

Free-energy Dependence of BET Rates within GRIPS.-From 
studies of the cffects of external magnetic fields on the dynamics 
of the radical ion pair formed between N,N-dimethylaniline and 
pyrene in MeCN, Weller has obtained a k, value of 5 x lo8 

MeCN as 5 x lo8 s-' from steady-state product analysis and 
quenching studies concerning the DCA-sensitized photooxid- 
ations of diphenylethylene and phenylacetylene.28 We adopted 
this k, value and determined the absolute values of rate con- 

s-l . 2 7  Farid and co-workers have also estimated the k,  value in 
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9.5 

- 
0 
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9.0- 
- 0 

8.5 

8.0 

Table 3 Limiting quantum yields for the formation of 2a-f ( 
(k-  ,,) and free-energy changes for BET ( - A -  etG) at room temperature (24 k 3 "C) 

rate constants for back electron transfer (BET) within geminate radical ion pairs 

efficiency ( h , l i m )  of l a  is obtained in MeOH than in MeCN." 
This was explained in terms of the much slower rate of BET 
within the initially formed SSRIP in MeOH than that in MeCN. 
Additional stabilization of this ion pair by hydrogen bonding 
between radical ions and solvent molecules broken into the cage 
was suggested to be responsible for a significant decrease in BET 
rate. Thus, the effect of MeOH solvent on the value can be 

demonstrated in Table 3, higher DCA-sensitized oxidation 
efficiencies ( a-r,lim) for any of the starting hydroxylamines 
were observed in MeOH than in MeCN, establishing that BET 
in the GRIP '[DCA'- I"] proceeds through an SSRIP in the 

value for the CA-sensitized 
oxidation is subject to the hydrogen-bonding effect to only a 
small extent except in the CA-lf system, allowing us to propose 
the CRIP '[CA'-.l'+] as an intermediate from which BET 
takes place in the Marcus 'inverted region' giving CA and la-e. 
Since the possibility of CRIP formation is considered to increase 

- 

C 
m e  - 

employed as a criterion for the structure of GRIP formed. As 

- Marcus 'normal region'. 
On the other hand, the 

- 

I I I I I I as the driving force (AetG) for an ET process from the ground- 

l a  l b  l c  Id l e  If 

Solvent DCA CA DCA CA DCA CA DCA CA DCA CA DCA CA 

MeCN 0.21 0.59 0.20 0.50 0.12 0.63 0.18 0.59 0.14 0.83 0.27 0.67 
0.31 0.50 0.34 0.83 0.63 0.07 

@,lim 
@?Jim MeOH 0.37 0.56 0.30 0.31 -a -' 
k-,,/lO* s-l MeCN 19 3.5 20 5.0 36 3.0 23 3.5 31 1.0 14 2.5 
- A - ,,G/kJ mol-' MeCN 168 226 168 226 177 234 180 237 191 249 159 217 

' Not determined. 

systems of which have much smaller driving force than that for 
the DCA-la-f systems, should be responsible for the formation 
of the ground-state CRIP. As already suggested for related 
systems by Gould et and Weller,29b we assumed that the 

Fig. 4 Rates of back electron transfer within the photochemically- 
generated geminate radical ion pairs for la-f as a function of the free- 
energy change -A  - ,,G in acetonitrile 

CRIP '[ACN' -01. '3 is isoenergetic with the SSRIP '[ACN'-/ 
l"] and - A-.,G for BET from the CRIP is approximated by 
eqn. (6) .  For cases where BET occurs from this CRIP one must stants for BET (k-et) within the GRIPS '[ACN'- la-f"] by 

utilizing eqn. (5). The free-energy change for the BET reaction 
( -AbetG) in each GRIP was calculated based on eqn. (6),6d in 1/@2,1im = 1 + k - e t / k s o l v  (7) 

-A-.,G/kJ mol-' = 96.5(E0, - Ered) (6)  

which E,, and Ered refer to the oxidation potential of la-f and 
the reduction potential of CA or DCA, respectively. The 
obtained k-et and -A-  etG values are collected in Table 3 along 
with the values of @z,lim and E,, us. SCE in MeCN. In this table 
are also listed @z,lim values measured in MeOH under the same 
reaction conditions. 

In Fig. 4 is shown the Marcus plot of log k -  et  uersus - A-etG. 
The plot clearly indicates that the rate of BET increases first and 
then decreases with increasing exothermicity for this process 
( -APetG) .  Thus, the BET in the singlet cages '[DCAO- l"] 
and '[CAD- I"] is concluded to occur in the Marcus 'normal 
region' and 'inverted region', respectively. The pioneering work 
of Weller and co-workers has demonstrated that there are two 
types of GRIP produced by bimolecular photoinduced ET in 
polar solvents, namely, a contact radical ion pair (CRIP) and a 
solvent-separated radical ion pair (SSRIP).27'*29 The former 
radical ion pair formed by ET from an aromatic donor to a 
cyano-substituted anthracene acceptor in MeCN has been 
shown to possess the higher electronic coupling and lower 
solvation as compared with the latter radical ion pair.6b It was 
previously found that a higher DCA-sensitized oxidation 

use eqn. (7) to calculate the rate constant k-e t ,  where ksolv is the 
rate constant for the solvation of a CRIP to form an SSRIP and 
has been determined to be 0.5-1.0 x lo9 s-' 27c  and 6 x lo8 
s-' 30 for analogous systems in MeCN. Calculation of k -  using 
ksolv instead of kD (5  x lo* s-1)27*28 alters the Marcus plot 
(Fig. 4) to only a slight extent. 

Interestingly, the log kFe t  value for the CA-lf system deviates 
greatly downward from the curve shown in Fig. 4. Because there 
are negligible differences in steric hindrance as well as molecular 
dimension among la-f,6d*3 this large downward deviation 
may be explained by assuming that BET proceeds by way of 
the SSRIP ' [CA'-/lf '3 which possesses much lower electronic 
coupling, compared with the CRIP '[CA'-*lf *+I, resulting in 
a much slower BET as observed. Increased solvation in this 
SSRIP is likely to play a role in controlling the magnitude of 
k-e t  but the exact role it plays is not clear at the present stage. 
Contrary to our expectation, the @zr,lim value (0.07) for the 
CA-sensitized oxidation of If in MeOH was found to be much 
smaller than that (0.67) in MeCN (Table 3). This cannot be 
explained in terms of the CRIP, forcing us to invoke the SSRIP 
as mentioned above. Additional stabilization of this SSRIP by 
hydrogen bonding between radical ions and MeOH molecules 
in the Marcus 'inverted region' should increase the BET rate 
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Table 4 Analytical data for lb-f and 2b-f 

Found (%) (Required) 
Compound Yield 
(Formula) (%) Solvent M.p. ("C) C H N  

l b  

lc  

Id 

l e  

If 
(Cl,Hl,NO) 
2b 

2c 

2d 
(C 14H 1 1 F,NO*0.4H,O) 
2e 

2f 

(C14H 1 3C12N0) 

(C14H 1 3C12N0 

(c 1 qH 1 3 F2N0) 

(cl gH 1 3F6No) 

(cl qH 1 1C12N0) 

(C14H1 1C12N0) 

(C16H1 1F6N0) 

(C16Hl ,NO) 

73 

74 

49 

46 

51 

44 

49 

50 

69 

77 

aq. EtOH, 
hexane-EtOAc 
aq. EtOH, 
hexane-EtOAc 
aq. EtOH, 
hexane-EtOAc 
aq. EtOH, 
hexane-EtOAc 
aq. EtOH, 
hexane-EtO Ac 
hexane-Me2C0 

hexane-Me,CO 

hexane-Me2C0 

hexane-Me2C0 

hexane-Me,CO 

12 1- 1 22 

105-1 06 

1 1 1 - 1  13 

108- 108.5 

105.5- 106.5 

139.5-141.5 

97-98 

91-92 

104.5-105.5 

118-1 18.5 

59.6 
(59.6 
59.6 

(59.6 
67.5 

(67.5 
55.3 

(55.0 
79.8 

(79.6 
60.0 

(60.0 
60.0 

(60.0 
65.9 

(66.1 
55.5 

(55.3 
80.3 

(80.3 

4.55 4.9 
4.6 5.0) 
4.6 4.9 
4.6 5.0) 
5.2 5.6 
5.3 5.6) 
3.7 4.0 
3.75 4.0) 
8.0 5.75 
7.9 5.8) 
3.9 4.9 
4.0 5.0) 
4.0 5.0 
4.0 5.0) 
4.65 5.4 
4.7 5.5) 
3.1 4.0 
3.2 4.0) 
7.2 5.8 
7.2 5.85) 

and hence lower the sensitized-oxidation efficiency of If to a 
great extent, providing a good explanation for the result 
obtained. 

Experimental 
Materials and Solvents.-N,N-Dibenzylhydroxylamine l a  

(m.p. 123-124 "C; lit.,32 123 "C) and N-benzylidenebenzyl- 
amine N-oxide 2a (m.p. 82-84 "C; lit.,33 81.5-83.5 "C) were 
prepared and purified according to the previously described 
procedures. Similar methods were employed to synthesize 
N,N-bis(p-ch1orobenzyl)hydroxylamine lb, N,N-bis(m-chloro- 
benzy1)hydroxylamine lc, N,N-bis(p-fluorobenzy1)hydroxyl- 
amine Id, N,N-bis[p-(trifluoromethyl)benzyl]hydroxylamine 
le, N,N-bis(p-methylbenzy1)hydroxylamine If, N-(p-chloro- 
benzy1idene)-N-(p-chlorobenzy1)amine N-oxide 2b, N-(m- 
chlorobenzy1idene)-N-(m-chlorobenzy1)amine N-oxide 2c, N-  
(p-fluorobenzy1idene)-N-(p-fluorobenzy1)amine N-oxide 2d, N- 
[ p-(trifluoromethyl)benzylidene]-N-[p-(trifluoromethyl)benz- 
yllamine N-oxide 2e, and N-(p-methylbenzy1idene)-N-(p- 
methylbenzy1)amine N-oxide 21. Physical properties of the new 
compounds lb-f and 2b-f are collected in Table 4. The 
structures of la-f and 2a-f were also established by IR and 'H 
NMR spectroscopy. The IR and 'H NMR spectra of 2d showed 
that this N-oxide was contaminated with a small amount of 
water the removal of which was difficult. 9-Cyanoanthracene 
(CA) and 9,lO-dicyanoanthracene (DCA) were purified by 
repeated recrystallization from benzene or benzene-hexane. 

MeCN and MeOH were carefully purified according to 
standard methods.34 [2H3]Acetonitrile (CD,CN, 99.5 atom%) 
was used as received. 

Measurements.-IR and 'H NMR spectra were taken with 
a Hitachi 270-30 infrared spectrometer and a JEOL FX-200 
spectrometer, respectively. UV and fluorescence spectra were 
recorded on a Shimadzu UV-2200 spectrophotometer and a 
Shimadzu RF-5000 spectrofluorimeter, respectively. Fluores- 
cence lifetimes were measured under N, at 26 "C with a time- 
correlated single-photon counting apparatus (Horiba NAES- 
700; excitation wavelength = 366 nm; cut-off wavelength = 
410 nm). 

The quantum yields for the CA- and DCA-sensitized 
photooxidations of la-f were determined at low conversions 

(< 1%) of the starting hydroxylamines by using a potassium 
tris(oxalato)ferrate(rIr) a~tinometer,~ and are an average of 
more than five determinations. The same filter combination as 
used before was utilized for isolating 366 nm light from a 500 
W high-pressure Hg lamp. In order to quantify the formation of 
2a-f spectrophotometrically, the following molar absorption 
coefficients (emax) of 2a-f at their first absorption-maximum 
wavelengths were employed: E,,, in MeCN/dm3 mo1-' cm-' = 
1.97 x lo4 at 298 nm (2a), 2.32 x lo4 at 303 nm (2b), 
1.84 x lo4 at 299 nm (2c), 1.87 x lo4 at 296 nm (2d), 
2.05 x lo4 at 303 nm (2e) and 2.18 x lo4 at 301 nm (20, and 
E,,, in MeOH = 2.02 x lo4 at 295 nm (2a), 2.37 x lo4 at 300 
nm (2b), 1.91 x lo4 at 293 nm (2d), 1.96 x lo4 at 298 nm (2e) 
and 2.27 x lo4 at 298 nm (20. 

Half-wave oxidation potentials of la-f (lop3 mol dm-3) uersus 
saturated calomel reference electrode were measured under the 
same conditions as those described in a previous paper '' in dry, 
degassed MeCN containing 0.1 mol dm-3 tetrabutylammonium 
perchlorate as a supporting electrolyte by cyclic voltammetry 
on a Hokuto HAB-15 1 potentiostat/galvanostat connected to a 
Yokokawa XY recorder. 
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