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Mechanistic details of the efficient photoamination of arenes (ArH) with ammonia or aliphatic primary 
amines (RNH,) in the presence of m-dicyanobenzene (DCNB) in 9 : 1 acetonitrile-water have been 
analysed by kinetics. The initiation process of the photoamination is electron transfer from excited singlet 
ArH to DCNB to generate the cation radical of ArH (ArH+'), to which RNH, undergoes nucleophilic 
addition. The rate constant (k , )  for the nucleophilic addition to the phenanthrene cation radical 
depends on R, varying from 3 x 1 O7 dm3 mo1-l s-' for NH, to 8.9 x 1 O8 dm3 mol-l s-' for ButNH,. A plot 
of log k,  versus the Taft o* parameter is linear with a slope of -2.1, demonstrating a substantial positive 
charge on RNH, in the transition state in line with the proposed mechanism. Photoamination with 
Me,N H is very inefficient for naphthalene, 2-methoxynaphthalene, and phenanthrene, and is attributed 
to electron exchange between ArH + *  and Me,NH being competitive with nucleophilic addition. 
Anthracene is efficiently photoaminated with Me,N H but inefficiently with Et,N H. Efficient photo- 
amination requires that the observed oxidation potential of the amines is more positive by 0.3-0.4 eV 
than that of ArH. 

As part of our investigation on the synthetic applications of 
photoelectron transfer,'-6 we have reported that a variety of 
arenes (ArH) are efficiently aminated with ammonia and 
primary amines (RNH,) upon irradiation in the presence of an 
electron acceptor, thus providing an excellent tool for the direct 
introduction of amino groups into unactivated arenes. In 
previous papers on the synthetic aspects of the photoamin- 
ation,',' we proposed a working hypothesis that RNH, adds to 
the cation radical of ArH generated by electron transfer in the 
excited singlet state. In general, however, reactions of cation 
radicals with nucleophiles may arise from electron exchange ' or 
from x-complex formation followed by chemical processes, 
though nucleophilic addition is most probable for the 
photoamination with RNH,. In this regard, it should be noted 
that photoamination with secondary amines (R,NH) reveals 
interesting features different from that with RNH,. In order to 
explore the general mechanistic aspects of the photoamination, 
we have extensively investigated the kinetics of photoamination 
of phenanthrene with a variety of primary amines as well as 
details of the photoreactions of some selected arenes with 
secondary amines. 

Results 
Kinetic Results for the Photoamination of Phenunthrene with 

RNH,.-The photoamination of phenanthrene (1) with a 
variety of amines RNH, in the presence of m-dicyanobenzene 
(DCNB) in 9: 1 acetonitrile-water gave the phenanthrene 
derivatives (5)-(14) in >80% yields along with >90% 
recovery of DCNB (Scheme 1). Figures 1 and 2 show double- 
reciprocal plots of quantum yield (cp) for the formation of 
the aminated products versus the concentration of DCNB 
and versus the concentration of RNH,, respectively, as typical 
examples. Such linear plots were also obtained from the other 
amines. The slopes and intercepts of the plots are listed in 
Table 1. 
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Figure 1. A double-reciprocal plot of cp uersus [DCNB] for the photo- 
amination of (1) with Pr"NH,; [(l)] 0.05 mol dm-3 and [Pr"NH,] 0.25 
mol dm-3; 313 nm irradiation 
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Table 1. Kinetic data from double-reciprocal plots of quantum yields 
uersus concentration of DCNB or RNH, for photoamination of 
phenanthrene (1)" 

Reactant 
DCNB 

NCCH,CH,NH, 
HOCH,CH,NH, 
MeOCH,CH,NH, 
CH,=CHCH,NH, 
MeNH, 
EtNH, 
Pr"NH, 
Pr'NH, 
Bu'NH, 

NH3 

Intercept 
(0 
7.4 
2.2 
2.2 
2.8 
2.4 
7.1 
4.7 
6.5 
6.2 
6.5 
7.3 

Slope (S) rc  
0.039 
2.4 
0.66 
1.45 
1.09 
1.43 
0.74 
0.50 
0.47 
0.25 
0.26 

0.999 
0.984 
0.984 
0.996 
0.996 
0.999 
0.998 
0.998 
0.994 
0.978 
0.984 

' For 9: 1 (v/v) acetonitrile-water solutions containing (1) C0.05 mol 
dm-3], DCNB, and RNH, irradiated at 313 mm. bReactants for 
concentration change. For a plot of Cp-' uersus [DCNBI-', [Pr"NH,] 
0.25 mol dm-3, whereas [DCNB] 0.05 mol dm-3 for plots of 'p-l versus 
[RNH,]-'. Standard correlation factors of the plots. 

12 
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Figure 2. A double-reciprocal plot of cp versus [Pr"NH,] for the photo- 
amination of (1); [(l)] 0.05 rnol dm-3 and [DCNB] 0.05 rnol dm-3; 313 
nm irradiation 

The photoamination of (1) with RNH, was efficiently 
quenched by either p-dimethoxybenzene or 1,3,5-trimethoxy- 
benzene (Q) under the conditions where fluorescence quenching 
by Q is negligible. Kinetic analyses for quenching were carried 
out for photoamination with Pr"NH,. Quantum yields in the 
presence of a variable [Q] were determined at a given 
concentration of the amine, giving a linear Stern-Volmer plot 
(Figure 3) .  Such linear plots were obtained at several points of 
concentration of the amines. The results are listed in Table 2 
including the slopes of the Stern-Volmer plots (&). 

Photoreactions of Some Arenes with Secondary Amines.- 
Table 3 shows chemical yields of the products isolated and the 
limiting quantum yields (9") for the formation of the 
photoaminated products from the photoreactions of (l), 

I I I I 
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Figure 3. Stern-Volmer plots of versus [Q] for quenching of 
photoamination of (1) (0.05 mol dm-3) with PPNH, (0.125 mol dmh3) 
by p-dimethoxybenzene (0) and by 1,3,5-trimethoxybenzene (a); 
[DCNB] 0.05 mol dm-3; 313 nm irradiation 

naphthalene (2), 2-methoxynaphthalene (3), and anthracene (4) 
with R,NH (R = Me and Et). The photoreactions of (1)-(3) 
with R,NH are complex, giving the aminated products only in 
poor yield. Moreover, DCNB was substantially consumed to 
give intractable materials, from which l-alkyl-2,4-dicyano- 
benzenes (24) and (25) were isolated. On the other hand, 
anthracene (4) was efficiently photoaminated with Me,NH to 
give the product (19) in 76% yield; the quantum yield for the 
disappearance of (4) is 0.32. Interestingly, however, the 
photoreaction of (4) with Et,NH mainly gave 9,lO-dihydro- 
anthracene (22) in 70% yield along with the formation of the 
aminated product (20) in 24% yield, while the recovery of 
DCNB was quantitative (Scheme 2). 

Discussion 
Kinetic Analysis and Mechanism of Photoamination of (1) with 

RNH,.-As discussed earlier,',6 this photoamination is 
initiated by electron transfer from the excited singlet state of (1) 
to DCNB which gives the cation radical of (1) and the anion 
radical of DCNB, since the fluorescence of (1) is quenched by 
DCNB at a diffusion-controlled limit but not at all by RNH, 
(Table 4). With regard to the mechanistic discussion, it should 
be noted that the oxidation potential of RNH, is much more 
positive than that of (l), too high for electron exchange between 
(1)'' and RNH, to occur. In fact, we were unable to detect any 
product that would be formed from RNH,", e.g. EtNH-NHEt, 
MeCH(NH,)CH(NH,)Me, and/or MeCHO from EtNH,. 
Moreover, the photoamination was very clean, and DCNB was 
quantitatively recovered. For kinetic analysis, therefore, we 
assume equations (1)-( 10) involving the nucleophilic 
addition of RNH, to (l)+* as a key pathway. 

(1) ArH ArH* 

ArH* 3 ArH (2) 

ArH* + DCNB ArH+' + DCNB-• (3) 
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Scheme 2. 

'ArH-NH,R 5 ArH and/or others (8) 

ArH" + Q;"-. ArH + Q" (9) 

In the absence of a quencher (Q), steady-state analysis gives 
equation (1 1) where (X and p denote the fractions for formation 
of free ArH+' and for the formation of the aminated products 
(5)-(14) from adduct cation radical (26) respectively. The 
intercept-to-slope ratio of the plot in Figure 1 (191 dm3 mol-') 
shows a satisfactory agreement with the Stern-Volmer constant 
for quenching of the fluorescence of (1) by DCNB (242 dm3 
mol-I), clearly demonstrating that 'ArH* is responsible for the 
initiation of the photoamination. Therefore, equation (1 1) can 
be reduced to (12), since ~,T[DCNB] >> 1 at 0.05 mol dm-3 
DCNB where most kinetic experiments were carried out. 

cp-' = -(1 1 + 
x P  kNCRNH21 

According to equation (12), the intercept of a double- 
reciprocal plot of cp uersus [RNH,] in Figure 2 equals 1/ap and 
then kN/kx can be obtained as the intercept:slope ratio for a 
given RNH, (I/S),. Table 5 lists the values of ( l / S ) ,  and log 
(Z/& for each RNH,. It is reasonable to assume that relative 
values of ( I /S) ,  represent relative kN since k, of (1)" can be 
considered to be independent of RNH,. In other words, 
(Z/S)R/(Z/S)Me 21 kNR/kNMe. Figure 4 shows a linear correlation 
of log [ ( I / s ) R / ( l / S ) M e ]  with Taft o*, which gives a relatively 
large negative slope (- 2.1) similar to that obtained for pK, of 
RNH, (- 3.14).9 Therefore, a substantial positive charge should 
be populated on the nitrogen atom of RNH, in the transition 
state of the reaction which seems to be rather close to the 
product side along the reaction co-ordinate of equation (13), i.e. 

0 << 6 < 1, thus supporting the suggested mechanism involving 
nucleophilic addition of RNH, to ArH ' 0 .  Possible participation 
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Table 2. Quenching of photoamination of (1) with Pr"NH, by p-di- or 1,3,5-tri-methoxybenzene (Q)" 

(cpQ)-' 

103[Q] [Pr"NH,] 
~~ 

rnol dm-3 mol dm-3 0.1 0.125 0.167 0.25 0.50 
0 10.8 10.1 (10.1) 8.9 8.2 7.1 

4 17.4 14.5 (14.2) 12.1 10.5 8.5 

8 24.0 19.1 (18.6) 16.4 13.4 9.8 

2 13.9 12.4 (11.8) 10.3 9.5 7.9 

6 19.9 16.5 (16.9) 14.5 11.8 9.4 

i0-2Ks,c/dm3 mol-' 16.1 11.1 (11.0) 9.6 6.3 3.5 
" For 9: 1 acetonitrile-water solution; [(l)] 0.05 and [DCNB] 0.05 mol dm-3; 313 nm irradiation. Values in parentheses are (cpQ)-' for quenching by 
1,3,5-trimethoxybenzene. The slope of a linear Stern-Volmer plot at each concentration of Pr"NH, 

Table 3. Photoamination of arenes with dimethyl- or diethyl-amine in the presence of DCNB 

Arenes 
[mol dmP3] 

(1) 
[0.05] 

(1) 
[0.05] 

(2) 
[0.05] 

(3) 
[0.05] 

(4) 
c0.021 

(4) 
[0.05] 

Amines 
[mol dm-3] 

Me,NH 
c0.21 

Et,NH 
co.21 

Me,NH 
C0.21 

Me,NH 
c0.21 

Me,NH 
CO. 11 
Et,NH 
[0.05] 

Conversion Recovery of 
of arene DCNB 

Products, yield (%) (%I (%I cp" 
(15) 40 (21) 3 (24) 25 55 29 0.017 

(16) 26 (21) 6 (25) 2 31 49 0.004 

(17) 11 (24) 12 67 71 < 0.005 

(18) 30 (24) 15 56 70 0.079 

(19) 76 (22) 11 (23) 4 96 98 0.32 

(20) 24 (22) 70 (23) 4 100 100 

" [DCNB] 0.1 mol dm-3 for the photoamination of (1)-(3), and 0.15 mol dm-3 for that of (4). Isolated yields based on the arene used. Products: 
(23); 9,9', lO,lO'-tetrahydr0-9,9'-bianthryl. The limiting quantum yield for the disappearance of (4). 

I h Table 4. Quenching of fluorescence of arenes by DCNB or amines" 

Arene Quencher 
(1) DCNB 

RNH, 
Me,NH 
Et,NH 

(2) DCNB 
Me,NH 

(3) DCNB 
Me,NH 

(4) DCNB 
Me,NH 
Et,NH 

k,z 
mol dm-3 
242 
co.1 
0.3 
0.8 

1320 
55 
190 

75 
3.7 

1.5 
3.5 

k, 
rnol dmP3 s-' 
1.4 x 10" 

107 
1.8 x 107 
4.7 x 107 
1.3 x 10" 
5.2 x lo8 
1.3 x 1O'O 
2.5 x lo8 
1.4 x 10" 
2.8 x lo8 
6.6 x lo8 

a For argon-bubbled 9: 1 acetonitrile-water solution of arenes 
[l x mol dm-3]. Calculated values using z 17 ns for (I), 10.5 ns for 
(2), 15 ns for (3), and 5.3 ns for (4).15 

0 

"\ 
of weak .n-complexes of (1)" with RNH, can therefore be 
safely discarded. An alternative mechanism involving electron 
exchange between (1)'. and RNH, is again unlikely to operate 

ionization potential of RNH, is poorly correlated. 

1 + 

in the photoamination, since a plot of log (I/S)R versus the -0.6 -0-4 -0.2 0.0 0.2 0.4 0.6 
T a f t  e* 

kx ~ Q C Q ]  ) (14) Figure 4. A plot of ~o~[(Z/S)~/(Z/S)~J versus Taft o* for the photo- 
amination of (1) with RNH, in the presence of DCNB; data from 
Table 4 

(cpQ)-' = - ( kN[RNH21 + kN[RNH21 

(15) a Stern-Volmer plot of (cpQ)-' versus [Q] at a given 
concentration of RNH, (R = Pr") can be written as equation 
(15), the slope of the plot of K,, versus [RNH,]-' in Figure 5 
equals k,/ccpkN. 

kQ 
aPkN[RNH21 

Ksv = 

Equation (14) represents the Stern-Volmer relationship for 
quenching of the photoamination by Q. Since the slope (Ksv) of 
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Table 5. Taft o* and kinetic data 

R 
H 
NCCH,CH2 
HOCH2CH2 
MeOCH,CH, 
CH,=CHCH, 
Me 
Et 
Pr" 
Pr' 
Bu' 

Taft o* 
0.49 
0.46 
0.20 
0.19 
0.13 
0.00 

-0.10 
-0.115 
-0.19 
- 0.30 

43 
0.45 
0.45 
0.36 
0.42 
0.14 
0.20 
0.15 
0.16 
0.16 
0.14 

(I/S)R 
0.9 
3.3 
1.9 
2.2 
5.0 
6.7 

13.0 
13.2 
25.8 
29.2 

10g(I/s)R 
- 0.03 

0.52 
0.29 
0.34 
0.70 
0.83 
1.11 
1.12 
1.41 
1.47 

-0.86 
- 0.3 1 
- 0.54 
- 0.49 
-0.13 

0.00 
0.28 
0.29 
0.58 
0.64 

l P k ,  
mol dm-3 s-' 

0.3 
1 .o 
0.6 
0.7 
1.5 
2.0 
4.0 
4.0 
7.9 
8.9 

0 I / 

0 
0 2 4 6 8 1 0  

[ Pr n NH 21'1/ mol-l d m3 

Figure 5. A plot of K,, versus [Pr"NH,] for quenching of the photo- 
amination of (1) with Pr"NH, by p-dimethoxybenzene; data from 
Table 2 

It is reasonable to assume that k ,  'v 10" dm3 mol-' s-l, since 
equation (9) is largely exothermic and since an essentially 
identical K,, value was obtained in quenching of the 
photoamination by either p-di- or 1,3,5-tri-methoxybenzene 
even though the oxidation potentials of the quenchers are 
significantly different." On the basis of this assumption, k, can 
be calculated to be 4.0 x 10' dm3 mol-' s-' for Pr"NH, since 
ap = 0.16. For the other amines, therefore, the k,  values can be 
calculated from the ratios of ( I /S)R to (I /S)pp,  provided that the 
lifetime of (1)" (l/kx) is constant, ca. 30 ns, independently of 
RNH,. 

With regard to the rate constants, it should be noted that ArH 
cannot be hydroxylated nor methoxylated with H,O or MeOH 
upon irradiation of ArH in the presence of DCNB, an 
observation suggesting that k,  for H,O or MeOH should be 
much smaller than lo6 dm3 mol-' s-'. Presumably, either H,O 
or MeOH is too weak as a nucleophile to form a 0 bond with 
ArH", even though weak x-complexes can be formed. On the 
other hand, MeOH can add to the cation radical of 1,l- 
diphenylethylene '' at 1.6 x lo9 dm3 mol-' s-l, a consequence 
arising from much higher reactivities of this olefin cation radical 
compared with ArH+'. In other words, ArH+' can react only 

with such strong nucleophiles as CN-,, BH4-,3 and RNH, to 
give the corresponding addition products. 

Mechanisms of Photoreactions of Arenes with R2NH.- 
Although electron transfer from R,NH to 'ArH* can occur in 
some cases,12 the photoreactions of ArH with R,NH were 
carried out under the conditions where the fluorescence of ArH 
is exclusively quenched by DCNB but negligibly by R,NH. 
Therefore, equations (1 j ( 4 )  should again operate in the 
photoreactions with R,NH. Nevertheless, the photoamination 
occurred only in poor yields with one exception unlike that with 
RNH,. Notable observations of mechanistic significance are 
(i) low quantum yields for the disappearance of ArH, (ii) 
considerable consumptions of DCNB, (iii) the formation of (24) 
and (25), and (iv) much lower oxidation potentials R,NH 
compared with RNH,. It is of particular mechanistic interest to 
note that (4) can be efficiently photoaminated with Me,NH but 
inefficiently with Et,NH, an amine of lower oxidation potential 
than that of Me,NH. 

These observations strongly suggest that electron exchange 

R'CH-NHR iqCN 
CN 

(27)  

between ArH+' and R,NH, equation (16), can occur to 
regenerate ArH, thus resulting in the formation of (24) and (25) 
as the consequences of a radical-coupling reaction of DCNB-' 
with an aminoalkyl radical formed by the loss of a proton from 
R,NH +*, equations (17) and (18); this mechanism is very similar 
to that for the direct photoreaction of p-dicyanobenzene with 
triethylamine.' 

ArH" + R , N H e A r H  + R,NH+' (16) 

R'CH,NHR+' + R,NH- 
R'CHNHR + R2NH2' (17) 

DCNB-• + R ' C H N H R ~  
(27) +&+ (24) or (25) (18) 

R,NH + ArH" DCNB-. * R,N-ArH-H (19) 

Since R,NH is a stronger nucleophile than RNH,,14 the 
nucleophilic addition of R,NH [equation (19)] can also occur 
competitively with equation (16) to give the aminated products 
in yields depending on relative importance of equations (16) and 
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Figure 6. A schematic diagram for oxidation-potential differences 
between arenes and amines associated with efficiencies of the photo- 
amination. A border lies at AE"" ca. 0 . 3 4 . 4  eV 

(19). The inefficient photoamination of (1)-(3) with R,NH 
probably reflects the major occurrence of equation (16). 

On the other hand, the efficient amination of (4) with Me,NH 
is thus attributable to slower electron exchange compared with 
equation (19), since the oxidation potential of the amine is much 
more positive than that of (4). With Et,NH, however, equation 
(16) should be again a major pathway, since the oxidation 
potential of this amine is similar to that of (4). It is of 
mechanistic interest to note that (22) is mainly formed in the 
photoreaction of (4) with Et,NH, even though (4)'' should be 
initially formed by equation (3). This can be attributed to the 
mechanistic sequence of electron transfer from DCNB-' to (4) 
followed by disproportionation of (4)-' in the presence of water, 
equations (20) and (21), since the reduction potential of (4) is 
similar to that of DCNB.lS This mechanism is also in accord 
with the quantitative recovery of DCNB as well as the lack of 
formation of (25). On the other hand, the reduction potentials of 
(1)-(3) are too negative for efficient electron transfer from 
DCNB-' to occur. This is the reason for no or negligible 
formation of the corresponding reduced arenes accompanied by 
substantial consumption of DCNB. 

DCNB-' + ( 4 ) e D C N B  + (4)-' (20) 

2 (4)-' + 2H' - (4) + (22) (21) 

Conclusions 
The mechanism of the efficient photoamination of (1) with 
RNH, in the presence of DCNB has been established by kinetic 
analyses. A key mechanistic pathway is the nucleophilic 
addition of RNH, to the photogenerated cation radical of (I), 
the rate constant of which varies from 3 x lo7 dm3 mol-' s-' for 
NH, to 8.9 x lo8 dm3 mol-I s-' for Bu'NH,. This mechanism 
should operate again in the efficient photoamination of the 
other arenes with RNH,. On the other hand, either Me,NH or 

Et,NH undergoes electron exchange with the cation radical of 
(1)-(3) in competition with the nucleophilic addition, whereas 
the efficient addition of Me,NH to (4)'' can occur because of 
the low oxidation potential of (4). Figure 6 shows a diagram for 
differences between the observed oxidation potentials of the 
amines l 6  and ArH,3,4 AE"" = E""(amine) - Eox(ArH),* 
associated with observed features of the photoreactions. The 
efficient photoamination can occur in cases where AE"" > 0.4 
eV. According to theoretical and empirical predictions on 
electron-transfer processes,17 the rate constant for electron 
transfer of 0 . 3 4 . 4  eV endothermicity is 106-107 dm3 mol-' 
s-', comparable with the rate constant for nucleophilic addition. 

Experimental 
'H N.m.r., i.r., and U.V. spectra were, respectively, obtained on a 
JEOL JNM-60 spectrometer, a Hitachi 260-50 spectrometer, 
and a Hitachi 150-20 spectrometer. A Hitachi MPF-4 
spectrofluorometer was used for fluorescence quenching 
experiments. Mass spectra were taken on a JEOL JMS-D300 
equipped with a data analyser JMA-2000. Gas chromatography 
was performed on a Hitachi 163 or a Shimadzu GC-8A using a 
50 cm column of 2% silicone OV-17 or 2% silicone OV-1 on 
Chromosorb W. 

Spectral grade acetonitrile was distilled from P,O, and then 
from CaH,. 2-Cyanoethylamine was prepared according to the 
literature method and purified by distillation. Aqueous 
solutions of ammonia, methylamine, and ethylamine were used 
without purification, while the other commercially available 
amines were distilled from KOH. All the arenes used were 
column chromatographed on silica gel and then recrystallized 
from ethanol. m-Dicyanobenzene was purified by recrystal- 
lization from methanol. 

Preparative Photoamination of Phenanthrene with 2-Methoxy- 
ethylamine and n-Propy1amine.-A 9 : 1 acetonitrile-water 
solution (140 cm3) containing (1) (2.495 g, 14 mmol), DCNB 
(0.449 g, 3.5 mmol), and 2-methoxyethylamine (15.8 g, 210 
mmol) or n-propylamine (12.4 g, 210 mmol) in a Pyrex vessel 
was irradiated with an Eikosha PIH-300 high-pressure mercury 
lamp for 13-20 h under cooling with water, as previously 
described.6 After evaporation under reduced pressure, the 
photolysates were dissolved in benzene (150 cm3) and then 
extracted with dilute HCl. The acidic, aqueous layer was 
basified with saturated aqueous NaHCO, followed by 
extraction with Et,O. Evaporation of the ether left the aminated 
product (8) C2.22 g, 93% yield based on (1) consumed] in the 
case of 2-methoxyethylamine or (12) (2.34 g, 95%) in the case of 
Pr"NH,. The benzene layer was chromatographed on silica gel 
to recover 33% (1) and 77% DCNB in the case of 2- 
ethoxyethylamine or 26% (1) and 84% DCNB in the case of 
Pr"NH,. Compound (8) had the following data: 6(CC14) 1.3 (br 
s, 1 H), 2.5-2.7 (m, 2 H), 2.9-3.0 (m, 2 H), 3.1 (s, 3 H), 3.2-3.5 
(m, 2 H), 3.7 (t, J 5  Hz, 1 H), 6.9-7.3 (m, 6 H), and 7.4-7.6 (m, 2 
H); m/z 253 (M"); vmax. 3 3 10 cm-' (N-H). The acetamide of (8) 
had m.p. 96-97 "C (from methanol) (Found: C,  76.9; H, 7.1; N, 
4.6. C,,H,,NO, requires C, 77.3; H, 7.2; N, 4.7%). Compound 
(12) had the following data: 6(CC14) 0.8 (t, J 7 Hz, 3 H), 0.9 (br s, 
1 H), 1.1-1.6 (m, 2 H), 2.3-2.5 (m, 2 H), 2.8-3.0 (m, 2 H), 3.6 
(t, J4.5 Hz, 1 H), 6.9-7.3 (m, 6 H), and 7.4-7.6 (m, 2 H); vmaX. 
3 310 cm-' (N-H), m/z 237. 

* The oxidation potential of dimethylamine was calculated from a linear 
correlation of the oxidation potentials [E""(amine) uerms Ag/Ag+ 
(V)] l6 with the ionization potentials (IP)" which was obtained for 
eight aliphatic amines; E""(amine) = 0.806 IP - 5.42, an equation 
similar to that reported by Miller.'* 



J. CHEM. SOC. PERKIN TRANS. JI 1988 75 1 

Photoreactions of Naphthalene (2), 2-Methoxynaphthalene (3), 
and Anthracene (4) with Secondary Amines in the Presence of 
DCNB.-A 9 :  1 acetonitrile-water solution (140 cm3) contain- 
ing ( 2 )  or (3)  (7 mmol), DCNB (14 mmol), and Me,NH (28 
mmol) or a 19: l  acetonitrile-water solution (140 cm3) 
containing (4) (2.8 mmol), DCNB (21 mmol), and Et,NH (7 
mmol) was irradiated. The aminated products and the starting 
materials were isolated as described above. Irradiation time, 
yields of products, recovered yields of DCNB, and conversions 
of the arenes are listed in Table 3. The other photoreactions with 
R,NH have been described elsewhere.6 Compound (17) had 
6(CC14) 2.1 (s, 6 H), 3.1-3.3 (m, 2 H), 4.0-4.2 (m, 1 H), 5.7-5.9 
(m, 2 H), and 6.7-7.0 (m, 4 H); m/z 173 (M"), and 128 ( M  - 
HNMe,). Compound (18) had 6(CC1,) 1.9 and 2.1 (s, 6 H), 
3.2-3.4 (m, 2 H), 3.45 and 3.5 (s, 3 H), 4.0 and 4.2 (t, J 3  Hz, 1 
H ) ,  4.85 (t, J 3  Hz, 1 H), and 6.9-7.0 (m, 4 H); m/z 203 (M"), 
158 ( M  - NHMe,). Compound (20) had 6(CC14) 0.8 (t, J 6  Hz, 
6 H ) , 2 . 4 ( q , J 6  Hz ,4  H),3.8 (ABq ,J18  Hz,2 H),4.5(s, 1 H),and 
6.8 (br s, 8 H). 

Kinetic Experiments.-Aliquot portions (4 cm3) of reactant 
solutions and actinometer solutions were introduced into Pyrex 
tubes (8 mm, i.d.) and degassed by four freeze-pumpthaw cycles 
under high vacuum. Irradiation was carried out with a high- 
pressure mercury lamp under cooling with water by the use of 
appropriate light filters and a 'merry-go-round' turntable. A 
potassium chromate solution (0.2 g dmP3 in 0.1% NaOH 
aqueous solution, 10 mm path length) was used to isolate the 
313 nm light whereas the 366 nm light was obtained by the 
passage through a Corning 7-37 glass filter and a solution of 
BiCI, (6.7 g dm-, in 10% HCl aqueous solution, 10 mm path 
length). A hexan-2-one actinometer was used for the 
determination of quantum yields at 313 nm for the 
photoamination of (1)-(3), whereas those for the photoam- 
ination of (4) at 366 nm were determined with a potassium 
ferrioxalate actinometer. The formation of the aminated 
products (5)-(18) was quantitatively analysed by gas 
chromatography whereas the disappearance of (4) was followed 
by U.V. spectrometry. 
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