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Abstraet-The photochemical reaction of 9-cyanophenanthrene and 2,3_dimethyl-2-butene, first reported by 
Mizuno, Pat and Sakurai, has been reinvestigated. The formation of a [2 t 2]-cycloadduct via a singlet exciplex is 
the exclus’ive reaction in the nonpolar solvents benzene and ethyl acetate. Photochemical behavior in polar solvents 
is far more complicated than previously reported. Mechanisms consistent with the effects of solvent polarity, 
methanol concentration, methanol deuteration, and lit intensity upon product yields are proposed. Formation of a 
9-cyanophenthrene anion radical and 2,3dimethyl-2-butene cation radical is the primary photoinitiated process in 
polar solvent. The cation radical can undergo deprotonation to yield an ally1 radical or nuckophilic attack by 
methanol to yield a methoxyalkyl radical. Covalent bonding of these radicals and the 9-cyanophenanthrene anion 
radical gives rise to the acyclic adducts obtained in polar solvents. The anion radical can also be protonated, 
leading ultimately to the formation of 9,1Mihydro-9-cyanophenanthrene. 

In contrast to our results for photochemical [2 +21- 
cycloaddition, many thermal [2 t 2]-cycloaddition reac- 
tions are accelerated by enhanced donor-acceptor inter- 
actions and by increased solvent polarity. Such reactions 

The importance of electron donor-acceptor (D-A) inter- 
actions in photochemical reactions has come clearly into 
focus during the last decade! The interaction of an 
excited molecule and ground state molecule (A* + D or 
At D*) can, under the proper circumstances, result in 
either the formation of a charge-transfer stabilized 
exciplex or in full electron transfer to yield a radical ion 
pair (A-D”).’ In the course of our investigations of the 
singlet state [2 t 2]-cycloaddition reaction of trons-stil- 
bene with electron-rich and electron-poor alkenes, it 
became clear that cycloaddition occurs more efficiently 
from relatively nonpolar exciplexes than from highly 
polar exciplexes or radical ion pairseS5 The highest limi- 
ting quantum yields for cycloaddition are obtained with 
alkenes which are neither strong donors nor acceptors 
and are relatively inefficient quenchers of singlet stilbene 
(Fig. l).’ In addition, the quantum yields for both cyclo- 
addition and exciplex fluorescence from highly polar 
exciplexes such as trans-stilbenedimethyl fumarate 
decrease with increasing solvent polarity.’ These results 
led us to conclude that singlet state [2 t 2]-cycloaddition 
reactions occur from a singlet exciplex and not from a 
radical ion pair (Scheme 1). The absence of products in 
polar nonhydroxylic solvents was attributed to rapid 
exothermic back electron transfer in the radical ion pair.2 
Radical ion pairs are, of course, intermediates in other 
photochemical reactions, including the addition of ter- 
tiary amines to singlet trans-stilbene.‘.6 
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Pi. 1. trans-Stilbene Stern-Volmer quenching constants (upper 
curve) and limiting cycloaddition quantum yields (lower curve) 

vs alkene electron affinity (arbitrary scale). 
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Scheme 1. Exciplex and radical ion pair formation. 
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occur in stepwise fashion via a 1,4-xwitterionic inter- 
mediate.’ Several years ago Epiotis and SbailE predicted 
the occurrence of photochemical ionic cycloaddition 
reactions and noted the absence of reported examples. 
This prediction prompted us to examine the pbtoche- 
mistry of several electron donor-acceptor pairs known to 
undergo thermal ionic cycloadditkn reactions.9 The 
photochemical [2 + 2]-cycloaddition reaction of N-isobu- 
tenylpyrrolidme with dimethyl fumarate was found to 
occur only in nonpolar solvents and to yield a different 
stereoisomer than the thermal reaction, the rate of which 
increases with increasing solvent polarity. This result 
supported our conclusion that singlet state [2 + 2]-cyclo- 
addition occurs via a nonionic mechanism (Scheme 1). 

Our failures to observe photochemical ionic cycload- 
dition reactions could, of course, be attributed to un- 
f,ortunate choices ‘of reactants and reaction conditions. 
Definitive evidence for the intermediacy of l&wit- 
terions in thermal [2+2]-cycloadditkn reactions was 
provided by their interception with alcohols.’ Thus we 
were attracted by the mechanism proposed by McCul- 
lough et aI.*’ for the formation of methanol-incorporated 
adducts of 2-naphthonitriie and 2,3ditnethy]-2-butene 
(eqn 1). A similar solvent-incorporated adduct was 
reported by Pat et al.” as one of three products obtained 
upon irradiation of 9cycanophenanthrene with 2,3- 

CN 

hv c 
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CH,OH 

dimethyld-butene in methanol solution (eqn 2): The 
exclusive formation of cycloadduct 3 in benzene solution 
was attributed to reaction via a singlet exciplex.” The 
formation of dihydrophenanthrene 4 and solvent-incor- 
porated adduct 5 in methanol was attributed to reaction 
via a radical ion pair;” however, the mechanism of bond 
format&n was not addressed. We thought it might be 
possibk to determine if 3 and/or 5 are formed via a 
l&rwitterionic intermediate simply by determining the 
effect of methanol concentration on the yields of 
products in a polar nonhydroxylic solvent. What was 
intended as a simple investigation developed into a most 
fascinating and complicated mechanistic problem. 

PBPULTS AND JMSCUSalON 
Imdiation in nonhydmxylic solvents. The exclusive 

product of irradiation of 9-cyanophenanthrene (1, 2 x 
lo-‘M) and 2,3 - dimethyl - 2 - butme (2, 1.7 M) in 
degassed benzene or ethyl acetate solution is cycload- 
duct 3. The intercept and slope of a plot of Cp-’ vs [21 
(eqn 3) provide a limiting quantum yield @_ = 0.19 + 0.03 
and a Stern-Volmer quenching constant kqr= 
0.37&0.06M-’ for benzene solution. Quenching of the 
fluorescence of 1 by added 2 in benzene solution pro- 
vides a value of kr = 0.31+0.01 M-’ similar to that 
reported by Pat et al.” for cyclohexane solution. The 
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agreement of kp~ values obtained from product for- 
mation and throrescence quenching data c~nfhns that 

formation of 3 occurs via the singlet state of 1. The 

W’ = 0_-‘(1+ l/h7 [2]) (3) 

rate constant for quenching of singlet 1 by 2 is calculated 
to be k,=2.1x107Ms-’ using the value for 7=15ns 
reported by Caldwell et 01.” for nondegassed benzene 
solution. 

Irradiation of 1 and 2 in acetonitriie solution results in 
the formation of cycloadduct 3, dihydrophenanthrene 4, 
acyclic adduct 6, and dienes 7a, 7h (eqn 4). The mass 
balance for formation of 3,4 and 6 vs disappearance of 1 
is satisfactory. While there have been numerous reports 
of arene-olefin cyckaddition reactions involving olefk 
2, ‘*‘O*” dienes 7a and 7b have not previously been 
reported as products of such reactionsL3 and allylic ad- 
dition products such as 6 have but rarely been obser- 
v~*14.1s The structure of adduct 6 is based upon spectral 
data (Experimental). Only one stereoisomer of 6 was 
evident from the NMR spectrum of the isolated adduct 
or the GC-MS of the total product mixture. cis-Stereo- 
chemistry is tentatively assigned on the basis of com- 
parison of the vi&al coupling constant (JEZ = 4.9 Hz) 
with the reported values for cis and tmns - 9 - acetoxy - 
10 - chloro - 9,10 - dihydrophenanthrene.‘6 

Plots of 0-l vs [2]-’ (eqn 3) for the products of 
irradiation in acetonitrile solution are shown in Fig. 2. 
The linear plot of the data for cycloadduct 3 provides 
values of @,,=0.11+0.04 and &~=0.40+-O.lSM’, 
similar to those ‘for benzene solution. A substantially 
higher value of 167 = 35 2 1 M is obtained from a linear 
fluorescence quenching Stem-Volmar plot. The plots 
shown in Fii. 2 for dienes 7a and 7b display slight 
upward curvature. Limiting quantum yields R.,= 
0.20 + 0.02 and 0.16 f 0.02 and quenching constants lr,,~ = 
1.920.2 and 1.2? 0.2 M-’ are obtained for 7a and 7b, 
respectively, from the data for low olefin concentration 
[2]. Marked upward curvature at high olelin concen- 
trations is observed for product 4 and 6 (Fig. 2). It is 
unlikely that this curvature results from the reaction of 
both singlet and triplet states of 1 with 2, as the fluores- 
cence quenching data indicates that the lowest concen- 
tration of 2 employed is sufficient to quench 94% of 
singlet 1. The rate constant for quenching of singlet 1 by 
2 in acetonitrile solution obtained from the fluorescence 
quenching data and the reported value of 7 = 24ns in 
degassed acetonitrile solution” is k, = 1.5 x 109 M-’ s-‘. 
This value is ‘IO-fold larger than the value for benzene 

solution, yet slower than the rate of diffusion in acetoni- 
trile. 

The oletin concentrations employed for the quantum 
yield measurements shown in Fig. 2 are sufhciently high 
to intkence the bulk solvent diikctric constant. For 
exampk the calculated dkkctric constants for 0.84 and 
2.5 M 2 in acetonitrile are 35 and 28, respectively. The 
effect of solvent dielectric constant on the yields of 
products at constant olefk concentration is shown in Fig. 
3. The rapid increase in yields of products 4,6,7a and 7b 
at high solvent dielectric constant indicates that the 

/ 

Fii. 2. Dependence of quantum yields for product formation 
upon concentration of 23 - dimethyl - 2 - butene (2) in acetoni- 

trik solution: 3 (TI), 4 0,6 (O), 78 (V), 7b (W. 
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Fig. 3. Solvent dependence of quantum yields for product for- 
mation in benxene and ethyl acetate-acetonitrile mixed solvents 
relative to value in acetonitrile. Diekctric constant E=P~V~ 
where -Vi is the volume fraction of component i (Vi = 0.20 for 

1.68M2):3(0),40,6(.),7a+7b(V). 
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curvature seen in Fii. 2 for these products may arise 
from a change in the solvent polarity. 

The effects of solvents on product yields are indicative 
of the formation of cycloadduct 3 via a singlet exciplex 
and products 4, 6, 7s and 7b via a radical ion pair.3 The 
data for 3 in Fig. 3 is reminiscent of that for the 
cycloaddition product of the diphenylvinylene carbonate 
- 2,5 - dimethyl - 2,4 - hexadiene exciplex;‘* while the 
data for the other products is reminiscent to that for the 
products of the truns - stilbene - triethylamine radical ion 
pairP The free energy for electron transfer from 2 to 
singlet 1 in acetonitrile solution can be calculated from 
Weller’s equation (eqn 5)19 

AG, =-Es - EA-,A t ED/b+ - $ (5) 

where Es is the singlet energy of 1 obtained from the 
onset of fluorescence (3.43 eV), EA-,A is the reduction 
potential of 1 (- 1.91 V vs Ag/AgClZO), EDfr,+ is the 
oxidation potential of 2 (1.6 V vs Ag/AgCl”‘), and the 
last term is the ionic attraction (ca. 0.06 V19). The cal- 
culated value of AG, = 0.0 eV is consistent with the 
formation of a radical ion pair in polar solvents with a 
rate constant slightly less than the rate of diffusion.2*‘9 
The mechanisms of product formation will be discussed 
in detail following the presentation of the results 
obtained upon irradiation of 1 and 2 in methanol solution. 

Irrudiutiog in methanol solution Irradiation of 1 and 2 
in methanol solution results in formation of all of the 
products of irradiation in acetonitrile solution (eqn 4) 
and, in addition, the methyl ethers 5,&s, 8b and 9 (eqn 6). 
Both the absolute and relative quantum yields are 
dependent upon olefin concentration, thoroughness of 
degassing, and light intensity (aide infru). Thus it is not 
surprising that the relative yields of products 3, 4 and 5 
are different from those reported by Pat et al.” We 
observe the formation of a single stereoisomer of 5, not 
the previously reported cis, truns-mixture.” c&Stereo- 
chemistry is tentatively assigned on the basis of the 
vicinal coupling constant (J,,, = 4.5 Hz).‘~ 

The effect of increasing methanol concentration upon 
the relative quantum yields for product formation in 
acetonitrile solution is shown in Fig. 4. The yields of 
methanol-containing products 5, t#a and 8b increase 
rapidly at low methanol concentration ( < 5 mole %) and 
gradually at higher concentration (Fig. 4). The yield of 
cycloadduct 3 is relatively insensitive to methanol con- 

centration; however, the yields of 4 and 6 display extra- 
ordinary methanol dependence (Fig. 4). The methanol 
dependence of the product quantum yields does not by 
itself provide definitive evidence for or against a 1,4- 
zwitterionic intermediate in the formation of 5 and/or 3. 
It does provide a yardstick against which any proposed 
mechanism must be measured. It should be noted that 
the yields of all products save 3 are lower in 93 vs 30 
mole % methanol in acetonitrile (Fig. 4). This decrease is 
probably related to the decrease in solvent polarity (Fig. 
3) for 93 mole% (a=26.6) vs 30 mole% (e=30.2) 
methanol in acetonitrile. 

Irradiation of 1 and 2 in 93 mole % CH,OD results in 
essentially quantitative deuterium incorporation in 
products 4 (9,10-d,),” 5 (9-d) and 6 (9-d) by GC-MS 
analysis (Table 1). Product & and recovered starting 
material (> 90% conversion) display low levels of D 
incorporation, while products 3, 7a and 7b are un- 
deuterated. Only partial deuteration of products 4,s and 
6 is observed for 2.6 or 6.5 mole % MeOD in acetonitrile 
(Table 1). The effect of isotopic substitution (MeOH vs 
MeOD) upon product quantum yields is reported in 
Table 2. The quantum yields for formation of cycload- 

Fig. 4. Solvent dependence of relative quantum yields for 
product formation in methanol-acetonitrile mixed solvent relative 
to the yield of cycloadduct 3 in acetonitrile solution: 3 (U), 4 (W), 

5 (0),6 W, 8a (A), Bb (A). 

@ = 0.027 0.022 0.009 0.001 0.008 0.007 

(6) 

a = 0.079 0.052 0.007 

3 5 OCH, 

ga 8b 9 
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duct 3 and dienes 7a and 7b are relatively insensitive to 
solvent de&ration, in accord with the absence of D in 
these products. The yields of adducts 5 and 6 are lower 
in MeOH vs MeOD (inverse isotope effect) while the 
yields of 4 and & are distinctly higher (normal isotope 
effect). Isotope effects are more pronounced at low vs 
high methanol concentrations. 

The final piece of evidence pertaining to the reaction 
mechanism is provided by the effect of light intensity 
upon product quantum yields in 6.5 mole% methanol- 
acetonitrile solution (Table 3). A S.&fold increase in light 
intensity has no effect on the quantum yield for for- 
mation of 3. The quantum yield for formation of 8a is 
slightly lower and the quantum yields for formation of 4, 
5 and 6 distinctly higher at the higher light intensity. An 
increase in yield with light intensity implicates the reac- 
tion of two intermediates formed by different photons in 
the formation of 4,s and 6. 

Electron transfer mechanism. The results obtained for 
irradiation of 1 and 2 in methanol solution further sup- 
port an exciplex cycloaddition mechanism (Scheme 1) for 
the formation of 3 and rule out the formation of 3 and 5 
via a common l&witterionic intermediate (eqn 1). A 
common intermediate would require the same light in- 
tensity dependence (Table 3) and either similar or com- 
plementary responses to methanol concentration (Fig. 4) 
and deuteration (Table 2). The results show the for- 
mation of 3 and 5 to be mechanistically unrelated pro- 
cesses. The effects of solvent polarity (Fig. 3) and com- 
position (Fig. 4) provide prima facia evidence for the 
formation of products 4-9 via the radical ions 1’ and 2”, 

Table 1. Product deuterium incorporation (%) 

Mole $6 CH,OD 

Product 2.8 8.5 93 

L 53 85 100 

L 84 85 b 

8,a 11 5 8 

a 
Data for 2 x 10 a M 9 -cyanophenanthrene and 
1.W 2,s -dimethyl -2 -butene in deoxygenated 
methanol-acetonitrtle solution . 

by. * teld of 8 too low for accurate analysis. 

Table 2. Isotope effects on quantum yields: Q&o’ 

Mole % C&OH(D) 
Product 2.8 8.5 93 

3, 0.93 0.98 0.11 

4, 3.9 2.9 1.8 

2 0.79 0.85 1.4 

s, 0.81 0.43 b 

7,” 0.95 0.81 1.1 

Zb 0.05 0.90 0.90 

B,a 2.44 1.71 0.95 

a,b gee footnotes to Table I. 

Table 3. Effect of light intensity on quantum yields’ 

Product “high”low 
b 

1.02 l 0.05 
4.38 

1.88 
1.88 
0.85 

aData for 2 x 10 -s M 9 -cyanophenanthrene and 
1.7M 2,s &methyl-2 -butene in deoxygenated 
8.5 mole % methanol-acetonitrile solution. 

%high = 2.47 x lo-’ Einstein s-x, Ilow = 4.25 x 1Oa 

Einstein S-l, Ihigh/Ilow F 5.8. 

which are formed by photostimulated one-electron 
transfer in polar solvents. A possible mechanism for the 
formation of 49 is outlined in Scheme 2 (eqns 7-15). 

The formation of ethers 8a and tlb, the major products 
of irradiation of 1 and 2 in methanol solution (eqn 6), is 
proposed to occur via nucleophilic attack of methanol on 
2’. to yield the free radical 10 followed by autodispro- 
portionation of 10 to yield 8a and 8b (eqns 8 and 9). The 
absence of the auto-coupling product of 10 in the reac- 
tion mixture is consistent with the known preference of 
tertiary radicals for disproportionation vs combination.*’ 
MacBlane*’ has observed that 8a and 8b are the major 
products obtained upon irradiation of several aryl nitriles 
with 2 in methanol solution; the yield increasing with 
increasing electron affinity of the aryl nitrile singlet state 
(eqn 5). Kropp** has also reported the formation of 8a 
and 8b upon direct irradiation of 2 in methanol solution; 
however, no light is absorbed by 2 under the conditions 
of our reactions. It is interesting to compare the products 
of the reaction of methanol with 2” to those obtained in 
the reactions of aryl olefin cation radicals with methanol. 
The mechanism proposed by Arnold= for anti-hfarkov- 
nikov addition of methanol to 1,ldiphenylethylene is 
given in Scheme 3. The small excess of 8n vs 8b (eqn 6) 
and extent of D incorporation in 8a (Table 1) indicate 
that the reaction pathway shown in Scheme 3 is at best a 
minor one for olefin 2. A possible explanation for the 
reduction of the methoxydiphenylethyl radical (Scheme 
3) but not radical 10 is provided by the reported high gas 
phase electron affinity of the benzyl radical (ca. 
20 kcal/mole).” Thus electron transfer from ArCN’ to 
free radical intermediates may be exothermic for benzyl 
radicals but endothermic for talky1 radicals. 

The formation of dienes 7a and 7b, the major products 
of irradiation of 1 and 2 in acetonitrile solution (eqn 4), is 
proposed to occur via deprotonation of 2” to yield ally1 
radical 11 followed by tail-to-tail and head-to-tail com- 
bination of two ally1 radicals to yield 7a and 7b, respec- 
tively (eqns 10 and 11). Engel et al.= have reported that 
thermolysis of azoalkane 15 yields exclusively ally1 
radical autocombination products, the tail-to-tail product 
predominating (eqn 16). The formation of product 9 in 
methanol can occur by cross-combination of radicals 10 
and 11. EngelZS reports that cross-termination of Me and 
ally1 radicals displays a marked preference for com- 
bination vs disproportionation. 

The formation of products 7a, 7b, 8a, 8b and 9 via 



1074 F. D. LEWIS and R. J. DEVOE 

radical-radical termination (eqns 9, 11 and 12) suggests formed in the photoreduction of 1 by amines. Second, 
the possibility that adducts 5 and 6 might be formed via radical combination of 16 with 10 or 11 should be 
combination of radicals 10 and 11 with the 9 - cyan0 - 9 - stereorandom; whereas, 5 and 6 are formed stereo- 
hydrophenanthryl radical 16. This mechanism can be specifically. 
excluded from consideration for at least two reasons. Having rejected a l&&terion mechanism for the 
First, radical 16 should be less stable than its isomer 14Y6 formation of 5 and a radical coupling mechanism for the 
Investigations by Correar’ in this laboratory have formation of 5 and 6, we propose that the formation of 5 
established that 14 is the exclusive intermediate radical and 6 results from covalent bond formation between 

- L 1 t 2 +* (7) 

2+* t CH,OH 

2 10 

2 +. + B: 

2 11 

6: a )-t . OCHJ BH+ + (8) 
10 

- )foCH, +)+OCH, 

8a 8b 

(9) 

7a lb 

10 + 11 
-ti OCH, 

9 

(12) 

Scheme 2. Electron transfer mechanism for product formation 
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+ 

OCH3 
+ ArCN 

Ph 

Ph 

OCH3 

Scheme 3. Electron transfer mechanism for anti-Markovnikov addition of methanol to 1,ldipkenylethylene 

16 

radicals 16 and 11 and anion radical 1’ to yield car- 
banions 12 and 13 (eqns 13 and 14). An indication of the 
stability of these carbanions b provided by the reJaJjvely 
high acidity of 9,lO - dihydro - 9 - cyanophenanthrene 
(PK. = 21.9 in DMSO).” Precedent for the stereospecific 
protonation of carbanions 12 and 13 is provided by the 
stereospectic cis reduction of 9,lOdialkyl phenanthrenes 
by lithium in ammo&’ and stereoselective exchange of 
benxylic protons in a rigid N-nitrosodibenxaxepine.~ The 
extent of deuterium incorporation in adducts 5 and 6 
(Table 1) indicates that methanol is the dominant proton 
donor at high methanol concentrations, but that a second 
protom honor ~trro&@v 1’-... epn ‘IQ ‘rs ‘nnodrreh * ‘row 
methanol concentrations. The formation of 5 and 6 via 
the combination of two reactive iu&ermediates, which are 
not nc<* id Cy a &r&z w, =e&s &K 
the increased yield of 5 and 6 at higher light intensities 
(Table 3)._ 

The mechanism proposed for reduction of 1 to diiy- 
drophenanthrene 4 (eqn 15) is the same as that for 
electro&em~caY and a&a5 metim rtduction of 
phenanthrenes: namely, two sequential electron transfer- 
proton transfer reactions. As is the case for carbanions 
12 and 13, protonation can involve either solvent or 2”. 
At high methanol concentrations solvent predominates, 
thus accounting for the extensive dideuteration of 4 in 93 

mole % CH30D. The only possible source of the second 
electron required in the reduction process is 1‘. The 
pronounced effect of light intensity on the quantum yield 
for the formation of 4 (Table 3) is consistent with a 
mechanism requiring the reaction of a free radical 
derived from 1’ with a second 1’ (eqn 15). We were at 
first reluctant to propose the formation of radical 14 in 
view of the absence of either free radical coupling 
products of 14 with 10 or 11 or auto-termination 
products. No dimer of radical 14 was detected and 
disproportionation can be ruled out by the absence of 
deut&m incorporation jn S~CDWJ~~ 3, A poss&e 
explanation of the absence of products other than 4 
derived from radical 14 is provided by its anticipated 
stability and high electron alfinity.uJs 

Having presented mechanisms for all of the products 
formed upon irradiation of 1 and 2 in methanol solution 
(Scheme 2) we can now account for the highly complex 
dependence of product yields upon methanol concen- 
tration (Fig. 4) and deuteration (Tables 1,2). Cation 
radical 2” undergoes two competing reactions; nucleo- 
_&i&e &+t&m 8r ui&rianzY~zuri+ an& bevroiz&iwn’q~ 
methanol or anion radical 1‘ (eqn 10). Anion radical 1’ 
also undergoes two competing reactions; free radical 
w?zG&r.Qfv6~~uGerysu~~~~q.R&&V&by 
methanol or cation radical 2”. Protonation of 1’ 
promotes the formation of 4 and inhibits the formation of 
5 and 6. Protonation of 1’ should be slower in MeOD vs 
MeOH, accounting for the lower yields of 4 and &I 
(normaI jsutipe t&S) aad Ggber yields of 5 anil 6 

(inverse isotope effect) in MeOD (Table 2). 
The effects of methanol concentration on product 

yields (Fig. 4) can be explained if it is assumed that a 
methanol concentration of co. 5-10 mole% is sticient 
to scavenge all 2” prior to its diffusion away from 1”. 
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This assumption accounts for the nearIy constant yields 
of 5 and 6 from 5-30 mole% methanol. The slow 
decrease in the yield of 4 and increase in the yields of 8a 
and 8b in this concen~ation range indicate that the 
protonation of 1; by methanol is much slower than the 
reactions of 2” with methanol. Formation of 4 requires 
electron transfer from 1” to radical 14 (eqn 15) resulting 
in an optimum yield of 4 at 5-10 mole % methanol. At 
low methanol concentrations ( < 5 mole %) deprotonation 
of 2” (eqn 10) is apparently favored over nucleophilic 
attack (eqn 8). An increase in the concentration of radi- 
cal 11 can account for the increased yield of 6 (eqn 14) 
and decreased yield of 4 (eqn 15). Low concentrations of 
methanol may allow 1’ and 2”’ to diffuse apart prior to 
reaction of 2’. with methanol. Diffusion away from 1” 
should substantially increase the acidity of 2”, thus 
accounting for an increased rate of deprotonation vs 
nucleophiiic attack (eqn 10 vs 8)?* We are currently 
engaged in kinetic modeling of Scheme 2 in order to test 
the assumption that the rate of diffusion of the radical ion 
pair 1’2+’ is targer than the rate of reaction of 2+’ with 
methanol at low methanol concentrations ( < 5 mole %). 

CONCLUSIONS 
The initial objective of this ~ves~ation was to est- 

ablish the mechanism of bond formation for the 
methanol-incorporated adduct 5 observed by Pat et al” 
We have presented evidence for the formation of both 5 
and 6 via reaction of an aryl nitrile anion radicai 1’ with 
an alkyl radical (10 or 11). The failure of 1” and 2” to 
form a 1,6zwitterionic intermediate, as proposed by 
McCullough” (eqn l), adds to our previous failures to 
establish the occurrence of photo-initiated ionic cyclo- 
addition reactions?’ The failure to observe ionic ad- 
dition of 1; and 2“ probably reflects the slow inherent 
rate of such a process (resulting from a low pre- 
exponential factor) when compared to the rates of exo- 
thermic back electron transfer, proton transfers (eqns 10 
and IS), or nucleop~lic trapping (eqn 8). The proposed 
mechanism for formation of 5 and 6 via anion radical- 
radical coupling is quite similar to the S,,l mechanism 
for addition of free radicals to enolates,33 Radical ion- 
radical coupling mechanisms have been proposed for 
several other electron-transfer initiated photochemical 
reactions and it is likely that such mechanisms may 
prove to be rather common~4 Evidence for radical ion- 
radical coupling in the reaction of 2-naphthonitrile and 
2,3 - dimethyl - 2 - butene (eqn 1) is provided by the 
stereospecific cis addition of the tertiary alkyd radical 10 
and deuterium in CH30D.‘o 

A final word is in order concerning the efficiency of 
product formation via the electron transfer mechanism 
shown in Scheme 2. A lower limit for the q~ntum yield 
for formation of 2” in acetonitrile solution can be 
established from the limiting quantum yields for for- 
mation of dienes 7a and 7b (eqn 17). The value obtained 
from the intercepts in 

@z+. 2 a,, = 2@,. t a+b) t @6 (17) 

Fig. 2 is 4120.83. Thus electron-transfer derived 
products account for nearly all of singlet 1 which does 
not undergo cycloaddition (4% = 0.11). Apparently back 
electron transfer from 1; to 2” does not compete 
effectively with the chemical reactions of 1” and 2+‘.’ 
Our results also indicate that exciplex and radical ion 
pair formation are competitive rather than sequential 
processes (Scheme I). Thus, the value of br obtained 

from fluorescence quenching is 70-fold higher in 
acetonitrile vs benzene; whereas, the by values obtained 
from cycloaddition quantum yields are viturally the same 
in both solvents. The unusual observation of conc~ent 
exciplex cycloaddion and radical ion chemistry in polar 
solvents is most likely a consequence of the isoergonic 
nature of the electron transfer process (eqn 5). Arene- 
olefin exciplexes for which electron transfer is endoer- 
gonic yield only cycloadducts in polar solvents;‘* 
whereas, only radical ion chemistry is observed when 
electron transfer is exergonic. ~“*‘Sn~2 

EDAL 
General. Benzene (Aldrich, gold label) was distilled from PzOs 

and from so~um~n~phenone under Nz prior to use. Acetoni- 
trile (Burdick and Jackson) was distilled under N2 from CaHz 
prior to use. Methanol (Burdick and Johnson) was distilled under 
Nz from Mg(OCH& prior to use. EtOAc (Aldrich, gold label) 
was used as received. Gas chromatographic analyses employed 
Hewlett-Packard 5750 and Varian 3700 gas chromatographs, 
each equipped with flame ionization detectors. Products 8a and 
8b were analyzed on a loft xkin. GC column of 8% carbowax 
lOOOll% KOH on chromosorb G. Product 5 was analyzed on a 
3 ft x 4 in. GC column of 5% SF96 on chromasorb G.-All other 
nroducts were analyzed on a 6ft x f in. 3% OVlOl on Suner- 
eoport GC column.- Fluorescence spectra were ob~in~ on a 
Perkin-Elmer MPF-44A thtorescence spectrometer equipped 
with a corrected spectra unit. NMR spectra were recorded using 
Varian EM360 (6OMHz). UT-20 (80MHz), and Perkin-Elmer 
R2OB (~MHz) NMR s~c~ometers. IR spectra were obtained 
on a Perkin-Elmer 283 IR spectrometer and a Nicolet 7199 
Fourier-transform IR spectrometer interfaced with a Varian 3700 
gas chromatograph. Mass spectra were obtained on a Hewlett- 
Packard 5985 GUMS system. 

Materials. Compound 2 (Aldrich, 99 t %, or Chemical Samples 
Co., & 98%) was stored under Ns at 5” prior to use. Compound 1 
(Aldrich) was recrystallized four times from EtOH and vacuum 
sublimed. trunsJtiIbeoe (Aldrich) was recrystallized from ben- 
zene and from EtOH. Benzophenone (Aldrich) was recrystallized 
three times from EtOH. Benzohydrol (Aldrich) was recrystal- 
lized four times from benzenejhexane mixtures. 

@ontam yields- were measured at 313 nm using a 450 W or 
200 W Hanovia medium pressure mercury arc in a water-cooled 
Pyrex immersion well. Monochromatic light was provided using 
a K&r& filter soln. Samples in 13 mm o.d. Pyrex ampules were 
vacuum line degas& five freeze-pump-thaw cycles. Samples 
were irradiated on a merry-go-round apparatus immersed in a water 
bath. Light intensities were measured by chemical actinometry 
using ~nzophenone~~~ydoi reduction35 or trues-stil~ne 
isomerization ((~h.~~+ = 0.44)? Product formation was measured 
by gas chromatography (5 10% conversion) with octane, tetra- 
decane, hexadecane-or-octadecane as internal standard. 

I~ud~ti~n in ~~~0~~~ A tOOml soln anvil O.#a 1 
(2.0 mmole) and 18 g 2 (220 mmole) in aeetonitrile was placed i a 
Pyrex annulus, bubbled with Na for lOmitt, and then irradiited 
witb a 450W Hanovia medium pressure mercury arc for 7hr. 
Sotvent and unreaeted 2 were removed by devotion (13g 2 
recovered). The residue was washed twice with pentane to 
remove 71, 7b and some 4. The washings were combined, the 
pentane removed under reduced pressure and the residue dis- 
tilled in a Kugelrohr apples 9&1100121 mm to yield 0.33 g (7% 
based on consumed 2) of a colorless oil. The oil was identified as 
a 57:43 mixture of 7r:7b by comparison with literature NMR 
and IR spectra.” 

Appro~a~ly 30% of the residue remaining after washing 
with pentane was chromatofpaphed on two preparative thin layer 
plates (silica gel) ehtting with 2% EtOAc in hexane. The sections 
enriched in product 6 (0.271 Rf ~0.33) were combined and 
~c~rna~~aph~ under similar conditions to afford pure 6: 
‘H NMR 6 (CJJCI,) 1.07 (s, 3H); 1.55 (s, 6H); ABCX: 2.19 (I&), 
2.38 (Ha), 3.22 (H& 4.33 (Hx), JAB = 13.6 Hz, JAc = 9.8 Hz, Jac = 
4.9 Hz, Jcx = 49 Hz; 6.93-7.85 (m, 8H) (see text for structure and 
discussion). Coup&g constants and chemical shifts of the ABCX 
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system were assigned with the aid of computer-synthesized 
spectra. fR spectrum (Ccl,): 2860-31!0cm-’ (s), 2245 (w), 1484 
(s), 1453 (s), 1445 (s), 1376 (m). GC/MS (ISeV): m/e 287 (I#, 
5.6%), 204 (27.%), I78 (!OO%), 83 (41.6%). 

Products 3 and 4 (0.20 5 rf c 0.24 and 0.08 5 R, 5 0.16) were 
identified bv comuarinn the GUMS with that of samples isolated 
from methanol (see beiow). 

Irradiation in mefhanol. A 235ml soln containing !.OOg 1 
(4.9 mmole) and 7.1 g 2 (85 mmole) in MeOH was placed in a 
Pyrex annulus, the soln degassed by bubbling with Nz for 10 min, 
and irradiated using a 450 W Hanovia medium pressure mercury 
arc for 21 hr. Products 8a and 8b were identified by comparing 
GC/MS with those of authentic samples.20 Product 9 was 
identified bv comnarina the GUMS with that of an indeoendentlv 
synthesized sample (see below). Product 6 was identified by 
comparing the GUMS with a sample of 6 from acetonitrile (see 
above). The solvent, unreacted 2, and volatile products were 
removed under reduced pressure and the residue chromato- 
graphed on alumina eluting with 15% EtOAc in hexane using the 
flash chromatonraphy techniaue of Still ef ai.% Addition of 
hexane to the t?a&ons containing 3 caused crystallization of 3 
(48 mg, 3.4%). The mother liquor, containing significant quantities 
of 3, 4 and 5, was recluomatographed using flash chromato- 
graphy on silica gel eluting with 3% EtOAc. Additional 3 was 
recovered from these fractions upon concentration by solvent 
removal for a combined yield of 72mg (5.1%): m.p. (uncor- 
rected): 193-194” (lit. 186188”)” ‘HNMR S (CDCls): 0.52 (s, 
3H), 0.83 (s, 3H), 1.16 (s, 3H), 1.60 (s, 3H), 3.86 (s, !H), 6.8-8.05 
(m, 8H). IR (KBr): 2875-3070 cm-’ (s); 2223 (m); 1488,!479 (m); 
1449-1440 (s); 1395 (w); 1380, 1375 (m); 1156 (m); 1138 (m); 758 
Is): 733 (s). This samole showed the same GUMS as a samole ,. 
obtained‘from irradiation of 1 and 2 in benzene. GC/MS (30 eV): 
m/e 203 (3%), 84 (100%). 

Subsequent fractions from the silica gel column contained 4, 
which was identified by comparing the ‘H NMR with that repor- 
ted in the literature.‘6b 

Attempts to isolate 5 by column chromatography were unsuc- 
cessful. An NMR sample was obtained, however, by chromato- 
graphing a portion of the mother liquor from the isolation of 3 (3 
and 5 co-elute under all column chromatography conditions 
attempted) on a preparative thick layer plate T&a gel), eluting 
with 4% EtOAc in hexane (0.25 5 R, s 0.30). ‘H NMR S (CDCls): 
0.49 (s, 3H), 0.70 (s, 3H), 1.18 (s, 3H), 1.25 (s, 3H), 3.30 (s, 3H), 
3.80 (d, J = 4.5 Hz, IH), 4.42 (d, J = 4.5 Hz, IH), 7.2-7.8 (m. 8H). 
(See text for discussion.) GC/MS (CH, chemical ionization): m/e 
320 (MH+, 25.0%), 288 (!.O%), 204 (100%). 

Synthesis of 2,3,3,5,5,6_hexamethyI - 6 - methoxy - 1 - heptene 
(9). A 5 ml soln containing 0.71 g 2 (8.4 mmole) in MeOH was 
placed in a 13 mm o.d. quartz test tube, bubbled with N2 for 
3 min, and irradiated for 48 !u in a Rayonet reactor equipped with 
the 254 mm light source. The resulting mixture contained 7~. 7h. 
Sa, 8b and 9 by GC/MS analysis. Products 8~ and 8b account for 
275% of the products, the bulk of the remainder being 9. The 
solvent, unreacted starting material, and all volatile products 
were removed using a rotary evaporator. The residue was dis- 
tilled in a Kugelrolu apparatus at 65-70”, (4 mm), to yield 9 as a 
clear oi! (- 20 mg, 2%): ‘H NMR 6 (C!XIs): 6 0.87 (s, 6H), 1.13 
(s, 6H), 1.67 (broad s, 9H), 2.17 (broad s, 2H), 3.20 (s, 3H). GC/!R 
(aas phase. cm-‘): 2982cm-’ (s). 2923 (s), 2832 (m). 1473 (m), 
380 *(s), 1147 (s), 1080 (s). GCiMS (C&‘chemical’ionization): 
m/e 199 (MH+, IS%), 198 (MC, 35%), 167 (83%), 165 (100%). 115 
(74%), III (81%). 
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