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SET-promoted photoreactions of selected p-xylene derivatives, including p-xylene (3a), p-phe- 
nylenediacetic acid (3b),p-bis[(trimethylsilyl)methyl]benzene (3c),p-[(trimethylsilyl)methylltoluene 
(3d), p-tolylacetic acid (381, and p-[(trimethylsilyl)methyllphenylacetic acid (30, to 1,4-dicyanon- 
aphthalene have been investigated. These processes lead to clean and selective formation of 1:l 
adducts whose nature is controlled by a-heterolytic fragmentation reactions occurring at benzylic 
positions of arene cation radicals which serve as key reactive intermediates. The results indicate 
that the relative rates of cation radical fragmentations of the type ([ArCHzEI*+ + B: - ArCHz’ + 
BE) depend on the nature of the electrofugal group, E, in the following order: E = SiMe3 > COzH 
> H. The experimental basis for these conclusions is discussed. 

Introduction 

Interest in photochemical processes promoted by single 
electron transfer (SET) in the excited-state manifold has 
continued to grow in recent years.‘ Results from studies 
probing both mechanistic and synthetic issues have 
combined with those focusing on factors governing SET 
rates and the detailed nature of ion radical intermediates 
to provide a fundamental understanding of SET-photo- 
chemical reactions. In their most simple form, sequences 
followed in SET-photochemical processes (Scheme I) 
involve (1) SET to or from an excited-state acceptor or 
donor (M*) from or to a ground-state donor (D) or acceptor 
(A), (2) secondary reactions of the ion radical intermediates 
leading to radical and/or charged intermediates, and (3) 
reactions of these intermediates leading to product P2 
formation. The quantum and chemical efficiencies of 
SET-photochemical processes following these sequences 
are dependent upon the rates of a number of competing 
pathways. For example, the quantum efficiency for SET- 
product (P2) formation is governed by partitioning of M* 
to ion radical intermediates in a manner dependent on 
the intrinsic lifetime of the excited species (l/(kd + k,.,)), 
the concentration of A or D, and the rate constant  SET. 
In addition, the competition between secondary reactions 
of the ion radical intermediates (kr, + ... kr,) and their 
return to ground-state reactants by back-electron transfer 
(~BSET) influences efficiencies Finally, for high chemical 
yields and selectivities the ion radical intermediates in 
the SET-promoted photoreactions must be transformed 
cleanly (Le., kr, > k,) to neutral radical and/or charged 
precursors of Pz. 

Both theory2 and experiments have provided important 
and useful information about the factors that govern rate 

(1) Davideon, R. S. Molecular Association; Foster, R., Ed.; Academic 
Preee: London, 1975; Vol. 1. Julliard, M.; Chanon, M. Chem. Reu. 1983, 
83,425. Davidson, R. S. Adu. Phys. Org. Chem. 1983,19, 1. Mariano, 
P. S.; Stavinoha, J. L. Synthetic Organic Photochemistry; Horspool, W. 
M., Ed.; Plenum Press: London, 1984. For a comprehensive review of 
SET-photochemistry see: Photoinduced Electron Transfer, Fox, M. A.; 
Chanon, M., Eds.; Elsevier: New York, 1988. 

Scheme I 

ke i kp 
kSET 

P1 

constants for SET in ground- and excited-state systems 
as well as in short-lived ion radical pairs.4 Consequently, 
it is possibleto evaluate how quantum efficiencies of SET- 
photochemical processes will vary with the redox potentials 
and energies of the donor-acceptor pairs (M* + D or M* 
+ A) which govern ksm and with the energies, multiplicities 
(singlet vs triplet), and nature (contact or solvent sepa- 
rated) of the ion radical pairs which control kBSET.  In 
contrast, less is known about the relative and absolute 
rates of ion radical reactions. Yet knowledge about the 
dynamics of these processes and how rates respond to 
alterations in electronics, structure, substituents, and 
media are key to predicting new, efficient, and selective 
SET-ph~tochemistry.~ 

Ion radical intermediates, formed in the solution phase, 
can react by a number of interesting and predictable* 
pathways owing to their ionic and radical characters. 
Perhaps the most common of these reactions is a-het- 
erolytic fragmentation, involving loss or transfer of an 
electrofugal group (E+) from cation radicals resulting in 
generation of conjugated, neutral radicals (Scheme 11). 
Amine or arene cation radical a-deprotonations?J3 desi- 

(2) Marcus, R. A. J. Phys. Chem. 1968,72,891. Scandola, F.; Balzani, 
V.; Schuster, G. B. J.  Am. Chem. SOC. 1981,103, 2519. 

(3) (a) Liang, N.; Miller, J. R.; Closs, G. L. J.  Am. Chem. SOC. 1990, 
112, 5353 and references cited therein. (b) Rehm, D.; Weller, A. Isr. J .  
Chem. 1970,8, 259. 

(4) Gould, I. R.; Farid, S. J. Am. Chem. SOC. 1990, 112, 4290 and 
references cited therein. 

(5) Fox, M. A. Photoinduced Electron Transfer in Organic Systems. 
InAduancesinPhotochemistry;Volman,D. H.,Hammond,G.S.,Gollnick, 
K., Eds.; J. Wiley and Sons: New York, 1986; Vol. 13. 

(6) Mann, C. K.; Barnes, K. K. Electrochemical Reactions in Non 
Aqueous Systems; Marcel Dekker: New York, 1970. 
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lylations,Q decarboxylations,lO and retro- Aldol-like cleav- 
ages1' are among the moat general fragmentation processes 
of this type. 

In only a few cases have the dynamics of these ion radical 
fragmentations been scrutinized. Understandably, great- 
est attention in this area has been given to radical cation 
a-deprotonation. This has resulted in knowledge about 
absolute rateshJ2J3 and how they respond to base 
strength,l3 cation radical energies," and steric's and 
electronic14effect.a. Recent investigations of a-trialkylsilyl- 
substituted cation radical desilylations promoted by 
nucleophilic attack on silicon have shown that these 
processes are fastlsJ6 and, depending on silicon substit- 
uenta, cation radical structures, and reaction media, they 
are competitive with or dominant over cation radical 
a-deprotonation and radical coupling.gJ4bJ7 

Recently, we initiated a program designed to gain 
detailed information about the relative and absolute18rates 
of a variety of cation radical a-heterolytic fragmentation 
reactions. A convenient method for evaluating relative 
rates of processes of this type is through analysis of product 
distributions from reactions in which competitive frag- 
mentation pathways are available to cation radical inter- 
mediates. Processes used for this purpose must have bone 
fide SET-mechanisms and must lead to clean and efficient 
formation of products whose identities can be correlated 
with specific ion radical fragmentations. In this regard, 
a number of studies by Albini and his co-workerslS have 
shown that methylarene and related electron donors 
undergo clean SET-promoted photoadditions to 1,4- 

(7) (a) Lewis, F. D. Acc. Chem. Res. 1986,19,401. (b) Manring, L. E.; 
Peters, K. S. J .  Am. Chem. SOC., 1985,107,6452. (c) Cohen, S. C.;Parola, 
A.; Parclone, C. H. Chem. Rev. 1973,73,141. 

(8) Schlewner, C. J.;Amatore,C.; Kochi, J. K. J. Am. Chem. SOC. 1984, 
106, 7472. Amatore, C.; Kochi, J. K. Thermal and Photochemical 
Activation of Aromatic Donors by Electron Transfer. In Advances in 
Electron Transfer Chemistry; Mariano, P. S.,  Ed.; JAI Press: Greenwich, 
1991; Vol. 1 and referencee cited therein. 

(9) (a) Ohge, K.; Yoon, U. C.; Mariano, P. 5. J. Org. Chem. 1984,49, 
213. (b) Lan, A. J. Y.; Quillen, S. L.; Heuckeroth, R. 0.; Mariano, P. S. 
J. Am. Chem. SOC. 1984,106,6439. (c) Borg, R. M.; Heucheroth, R. 0.; 
Lan, A. J. Y.; Quillen, S. L.; Mariano, P. S. Ibid. 1987,109, 2728. Lan, 
A. J. Y.; Heuckeroth, R. 0.; Mariano, P. S. Zbid. 1987,109,2738. (d) Cho, 
I. 5.; Tu, C. L.; Mariano, P. S. Ibid. 1990,112,3594. (e) Hawgawa, E.; 
Xu, W.; Mariano, P. S.; Yoon, U. C.; Kim, J. U. Ibid. 1988, 110, 8099. 

(10) (a) Davideon, R. S.; Steiner, P. R. J. Chem. SOC., Perkin Trans. 
2 1972,1357. (b) Brimage,D. R. C.; Davideon, R. S. J. Chem. Soc.,Perkin 
Trans. 1 1973,4139. 

(11) (a) Davidson, R. 5.; Harrison, K.; Steiner, P. R. J .  Chem. Soc. C.  
1971,3480. Davideon, R. 5.; Orton, S.  P. J.  Chem. SOC., Chem. Commun. 
1974,209. (b) Ci, X.; Kellett, M. A.; Whitten, D. C. J. Am. Chem. SOC., 
1991,113,3893. Ci,X.;Whitten,D. G.InPhotoinducedElectronTmnsfer, 
For, M. A., Chanon, M., Eda.; Elsevier: New York, 1988, Part C. (c) 
Popielarz, R.; Arnold, D. R. J.  Am. Chem. Soc. 1990, 112, 3088. 

(12) Dns, S.; von Sonntag, C. 2. Naturforsch. 1986,416,505. 
(13) Dinnocenzo, J. P.; Banach, T. E. J .  Am. Chem. SOC. 1989,111, 

8646. 
(14) (a) Xu, W.; Mariano, P. S.J. Am. Chem. SOC. 1991,113,1431. (b) 

Xu, W.; Zhang, X. M.; Mariano, P. S. Zbid. 1991,113, 8863. 
(15) Dinnocenzo, J. P.; Farid, S.; Goodman, J. L.; Could, I. R.; Todd, 

W. R.; Mattee, S. L. J. Am. Chem. SOC. 1989,111,8973. Todd, W. R.; 
Dinnocenzo, J. P.; Farid, S.; Goodman, J. L.; Could, I. R. Ibid. 1991,113, 
3601. 

(16) Schuster, G. B.; Mariano, P. 5. Unpublihed reaulta. 
(17) (a) Yoon, U. C.; Marho, P. S. Acc. Chem. Res. 1992,25,233. (b) 

Jeon, Y. T.; Lee, C. P.; Mariano, P. S. J. Am. Chem. SOC. 1991,113,8847. 
(18) Falvey, D. E.; Mariano, P. S. Unpublirhed results. 
(19) (a) Sulpizio, A.; Albini, A.; d'Al-dro, N.; Faeani, E.; Pietra, S. 

J. Am. Chem. SOC. 1989,111,5773. (b) Albini, A.; Faeani, E.; Obeiti, R. 
Tetrahedron 1982,38,1034. (c) d'Al-dro, N.; Fasani, E.; Mella, M.; 
Albini, A. J. Chem. SOC., Perkin Trans. 2 1991, 1977. 
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dicyanonaphthalene (1,CDCN). Methylarene cation rad- 
icals serve as intermediates in these reactions; their 
a-deprotonation is followed by radical pair coupling to 
produce dihydronaphthalene adducts (Scheme 111). On 
the basis of the sound precedent found in thia work, we 
have developed a potentially useful method for evaluating 
the relative rates of cation radical a-heterolytic fragmen- 
tation. This method employs photoadditions of unsym- 
metrically substituted p-xylene derivative 1 to 1,CDCN 
and analysis of the dihydronaphthalene adducta 2 pro- 
duced (Scheme 111). Below, we describe the resulta of 
preliminary studies exploring thia methodology and qual- 
itatively evaluate the relative rates of arene cation radical 
a-deprotonation, a-desilylation, and a-decarboxylation. 

Results 
pXylene Derivatives. The p-xylene derivatives em- 

ployed in these photochemical studies include p-xylene 
(k), p-phenylenediacetic acid (3b), p-bis [ (trimethylsiiy1)- 
methyllbenzene (3c), p -  [(trimethylsilyl)methyll toluene 
(M), p-tolylacetic acid (381, andp-[(trimethylsiiyl)methyll- 
phenylacetic acid (3f). The arenes 3cm and 3d21 were 

prepared by known procedures, and 3a, 3b, and 38 are 
commercial materials. The silylphenylacetic acid deriv- 
ative 3f was synthesized by the sequence shown in Scheme 
IV and described fully in the Experimental Section. 

Photoreactions of the p-xylenes 3a-f and 1,4-DCN were 
conducted by irradiation of 1:l MeCN-MeOH solutions 
in a preparative apparatus by using Pyrex-filtered light 
(A > 290 nm). In each case an ca. 3-10 molar equiv excesa 
of the p-xylene was used. In each case, the crude 
photolyeate was subjected to lH NMR analysis to show 
that minor photoadducta were not present in >ca. 5%. 
Adduct yields obtained are based upon consumed 1,4- 
DCN and are for materials purified by silica gel chroma- 
WmPhY. 

In order to prepare and identify the adducta that could 
be generated in photoadditions of the unsymmetrically 
substituted p-xylene derivatives 3d-f to l,CDCN, pho- 
toreactions with the symmetric H-, C02H-, and SiMes- 

(20) Wilson, G. R.; Hutzel, C. M.; Smith, A. C. J.  Org. Chem. 1969,24, 

(21) Gilman, H.; Marshal, F. J. J.  Am. Chem. SOC. 1949,71,2066. 
381. 
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Scheme IV. 
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processes in order to determine the nature and distribu- 
tions of products and, thus, to evaluate how the electrofugal 
groups and reaction conditions influence the relative rates 
of cation radical a-heterolytic fragmentations. As the 
results described below show, photoadditions of p-xylenes 
3d-f to 1,CDCN are clean processes leading to selective 
and high-yielding production of adducts. For example, 
irradiation of 1:l MeOH-MeCN solutions of 1,CDCN and 
the monosilylxylene 3d (a-condition) followed by chro- 
matography gives the dihydronaphthalenes 7a and 8a in 
42 % and 38 % respective yields, along with the naphtha- 
lene derivative 9a (20% ). With the intent of determining 
the effect of base on this reaction, irradiation was carried 
out on a 1,CDCN and 3d solution in 1:l MeOH-MeCN 
containing 0.1 M nBt4NOH (&condition). This led to 
production of the naphthalenes 9% (50%) and 10 (25%). 
To confirm that base has no effect on the nature of this 
photoreaction, the photolysate obtained from irradiation 
of a 1:l MeOH-MeCN solution of 1,4-DCN and 3d was 
treated with nBQNOH (0.1 M final concentration) and 
stirred for 2 h prior to workup (y-condition) and chro- 
matographic separation. Under these conditions, 9a and 
10a were again produced in 55 % and 22 5% yields, respec- 
tively. 

Likewise, photoadditions of 1,4-DCN and the tolylacetic 
acid 38 proceed with high chemical selectivities both in 
the presence and absence of base. Accordingly, irradiation 
of a 1:l MeOH-MeCN solution of these substances (a- 
condition) leads to the adducts 7a, 8a, and 9a in respective 
purified yields of 40%, 15 7% , and 5 % . When 0.1 M nBrq- 
NOH (&condition) is present in the solution irradiated, 
9a and 10a are obtained in respective 45 % and 28% yields, 
which are nearly identical (42% and 20% ) to those for the 
y-condition (see above). 

Unlike the reactions above, those occurring between 
1,CDCN and the silyl acid 3f, while being highly selective, 
are dependent of the photoreaction conditions used. For 
example, irradiation of a 1:l MeOH-MeCN solution of 
these substances (a-condition) gives the dihydronaph- 
thalene acids 7b and 8b (55% and 25%, respectively) 
exclusively. Careful analysis failed to reveal the presence 
of silicon-containing adducts 7c or 8c, in the photolysate 
formed under these conditions. In contrast, the silyl- 
naphthalene derivative 9c (41 % ) is generated along with 
only a trace quantity (5% ) of the acid analogs 9b and 10b 
when irradiation of the 1,GDCN and 3f mixture is carried 
out on 1:l MeOH-MeCN solutions containing 0.1 M nBrq- 
NOH (@-condition). Finally, employment of the y-con- 
dition to conduct this reaction provides the naphthalene 
acids 9b and 10b in 45% and 15% yields, respectively. 
The results of these photoreactions are accumulated in 
Table I. 

i r  i r  CH,OH 
4 5 

CH2CI 
6 

a Key: (a) Mg, EkO; (b) MeaSiCk (c) Mg, THF; (d) HCHO (e) 
NaBH,; (0 HCl (concd); (9) COZ. 

substituted analogs, 3a-q were first explored. Irradiation 
of a 1,GDCN andp-xylene (3a) solution in MeOH-MeCN 
led to production of the dihydronaphthalene adducts 7a 
and 8a in respective yields of 75% and 12% along with 
the naphthalene derivative 9a (3 % ). The structural and 
stereochemical assignments to these compounds were 
made by comparison of their spectroscopic properties to 
those of closely related materials prepared in earlier 
efforts.19 The dihydronaphthalenes 7a and 8a were 
smoothly (ca. 90%) converted to the corresponding 
naphthalenes 9a and 10a by dehydrocyanation with 10% 
KOH-EtOH at reflux. 

CN C N  
7e-c sa-c 

A 

I 
CN 

9e-c 

In a similar fashion irradiation of a solution of the 
diacetic acid derivative 3b and 1,GDCN led to clean 
formationof adducts. In this case, it was more convenient 
to isolate the acid products as their methyl ester deriv- 
ativea, formed by treatment of the crude photolysates with 
HC1-MeOH. This gave the dihydronaphthalene esters 
7bb and 8bb in 55% and 20% respective isolated yields. 
These esters upon hydrolysis with H2S04 in aqueous THF 
furnished (73-83 5% ) the corresponding acids 7b and 8b 
which in turn could be converted (74-86%) to the 
naphthalene acids 9b and 10b by dehydrocyanation (10% 

The bis-silyl xylene derivative 3c also undergoes pho- 
toaddition to 1,4-DCN to generate the silyldihydronaph- 
thalenes 7c (65%) and 8c (<lo%, impure). Finally, 7c 
can be converted to naphthalene 9c by treatment with 
10% KOH-EtOH at reflux. 

With the adducts expected from photoadditions of the 
unsymmetrically substituted p-xylenes 3d-f to 1,4-DCN 
fully characterized, it was then possible to probe these 

KOH-EtOH). 

Discussion 

The results presented above show that SET-promoted 
photoadditions of the xylene derivative 3a-f to 1,IGDCN 
are efficient and highly selective processes resulting in 
the formation of 1- and 2-substituted (arylmethyll- 
dihydronaphthalene adducts. On the basis of the sound 
precedent established in earlier investigations of toluene 
and related arene photoadditions to 1,4-DCNlg it is certain 
that the mechanistic pathways followed in these process, 
as depicted in Scheme 111, involve (1) SET from the arene 
to the singlet excited state of 1,4-DCN, (2) transfer of the 
electrofugal group of the arene cation radical to solvent 
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Table I. Rerultr from Photoreactions of 1,4-DCN with the 
&Xylene Derivatives 3a-f 

p-xylene deriv reactn condna producta ( % yieldsp 
3a ab 7a (75), 8a (12), 9a (3) 
3b a 7b (55), 8b (25) 
3c a 7c (65), 8c (10) 
3d a 7a (42). 8a (38), 9a (20) 
3d P 9a (50), loa (25) 
3d Yd 9a (55), 10a (22) 
38 a 7a (40), 8a (15), 9a (5) 
3e B 9a (45), loa (28) 
3e Y 9a (42), 1Oa (20) 
31 a 7b (55), 8b (25) 
31 B 9c (41), 9b + lob (5%) 
31 r 9b (45), 10b (15) 

0 Yields are for isolated, pure materialsand are baaed upon reacted 
1,I-DCN. * a-Condition involves irradiation in 1:l MeOH-MeCN. 
c &Condition involves irradiation in 0.1 M nBwNOH in 1:l MeOH- 
MeCN solution. y-Condition involves irradiation in 1:l MeOH- 
MeCN solution followed by treatment of the photolysate with 0.1 M 
nBmNOH. 

or the 1,4-DCN anion radical, and (3) radical pair or 
radical-radical anion coupling. Consequently, the prod- 
ucts obtained from reactions of the unsymmetrically 
substituted xylene derivatives 3d-f reflect the preferences 
for a-heterolytic fragmentations in the cation radical 
intermediates. Moreover, the selective formation of 
adducts in photoreactions of 3d-f demonstrates that large 
rate differences exist for electrofugal group loss from the 
benzylic centers of arylmethyl cation radicals in the order 
-SiMea+ > 4 0 2  + H+) > -H+. The observation that 
<6% of products results from the competitive fragmen- 
tation mode in each case suggests that the rates differ 
between members of this series by >lo. 

These results both confirm and extend earlier obser- 
vations made in studies of arylmethane and arylmethyl- 
silane photoaddition and photocyclization reactions with 
iminium salt  acceptor^.^^ Importantly, we are now able 
to conclude that decarboxylation ( 4 0 2  - H+) of cation 
radicals derived from arylacetic acids is slower than loss 
of a trimethylsilyl group but faster than deprotonation of 
analogous positively charged radical intermediates. Fur- 
thermore, as observed earlier desilylation involving transfer 
of a trimethylailyl group to solvent (MeOH)9J6J7 is faster 
than benzylic deprotonation. In MeOH-MeCN, the 
proton is likewise transferred to MeOHeZ2 Indeed, the 
nearly invariant 1- to 2-naphthalene product distributions 
observed suggest that the C-C bond-forming step in each 
of these reactions is the same (Le., radical-radical anion 
coupling). In contrast, the 1- to 2-naphthalene product 
ratio is much smaller for photoadditions occurring in pure 
MeCN where the benzylic proton of the arene cation radical 
is transferred to the 1,4-DCN anion radical and product 
formation ie by neutral radical-pair coupling. 

It is important to note that the three a-heterolytic 
fragmentation reactions open to the cation radicals 11 
derived from 3d-f result in generation of nearly isoen- 
ergetic benzylic radicals 12. Thus, the differences in the 
rates of these reactions must be governed by the nature 
of the cation fragment lost (i.e., C-E bond energies) and 
the bond being formed to the migrating electrofugal groups 
(i.e., E-B bond energies) and not those of the resulting 
carbon-centered radicals. In the absence of added base, 
both the decarboxylation and deprotonation processes 

CHz-E, 
B: Q - 6 + E-H 

R R 
11 1 2  

involve transfer of a proton to MeOH. However, in the 
former case COZ is formed most probably in concert with 
this proton transfer. This difference could account for a 
greater thermodynamic driving force and, thus, kinetic 
preference for decarboxylation over direct deprotonation 
involving cleavage of a benzylic C-H bond. Desilylation 
of the arylmethylsilane cation radical differs from the 
above fragmentations since when the TMS group is 
transferred to methanol a strong S i 4  bond is formed, 
contributing to the larger driving force of this process. 

The opposite chemoselectivities observed for the pho- 
toadditions of the silylphenylacetic acid 3f to 1,4-DCN 
run under neutral and basic conditions are intriguing. 
Specifically, the exclusive formation of non-TMS adducts 
7b and 8b or 9b and 10b from reactions promoted by 
irradiation of neutral MeOH-MeCN solutions is nearly 
completely reversed when 0.1 M nBmNOH is present in 
the photoreaction medium. The source of his difference 
could be due to an electrofugal group loss ranking of -COz 
> -SiMe3+ > + H+). However, a more reasonable 
explanation of these differences surfaces when consider- 
ation is given to the nature of the SET-donor under basic 
conditions. Accordingly, in 0.1 M base, 3fexist.a exclusively 
as the carboxylate salt 3g. Electron transfer from 3g to 
the 1,4-DCN singlet likely occurs from the carboxylate 
rather than the arene center owing to the large differences 
which exist between the oxidation potentials of carboxylic 
acid anions (ca. +1.0 V) and arenes (ca. 1.8-2.0 V).6 This 
gives the carboxy radical 3h, a species which is 
to have an exceptionally short lifetime owing to its rapid 
expulsion of COZ. 

C02- nEu,N + %GO - n 
3g 3h 

The results presented above further demonstrate the 
utility of product distribution studies as a method for 
qualitatively assesing the relative rates of cation radical 
reactions. Studies combining this technique with direct 
absolute rate measurements are continuing with the aim 
of developing a general understanding of the dynamics of 
cation radical a-heterolytic fragmentation reactions. 

Experimental Section 
General. lH and l3C NMR spectra were recorded on CDC13 

solutions, and chemical shifts are reported in ppm relative to 
Mersi. Column chromatographic separations employed Merck- 
EM type 60 (230-400 mesh) silica gel and preparative TLC was 
performed on Merck-EM type 60 GF-254 silica gel coated plates. 
All reactions were performed under Nz. Drying of all organic 
layers in workup of reaction mixtures was by use of MgSO,. nBur- 
NOH (1.0 M MeOH solution),p-xylene (3a),pphenylenediacetic 
acid (3b), and p-tolylacetic acid (38) are commercial materials 
(Aldrich), and p-bis[(trimethylsilyl)methyl]benzene and 
p -  [ (trimethyleilyl)methyl]toluene were prepared according 

(22) Arnold, D. R.; Du; X.; Heuseleit, K. M. Can. J.  Chem. 1991,69, 
839. (23) Falvey, D. E.; Schuater, G. B. J. Am. Chem. SOC. 1986,108,7419. 
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to the publiihed procedures. The purities of all substances 
prepared in this study were judged to be >95% by 1H and 13C 
NMR analysis. 
All photochemical reactions were performed by using Nz- 

purged MeCN-MeOH solutions (100 mL) of l,4-dicyanonaph- 
thalene (1,4-DCN) (180 mg, 1 mmol) containing the arene 
substrate in an immersion well apparatus with a 450-W medium- 
p " r e  lamp and Pyrex glass filter. Workup of the photolysates 
involved concentration in vacuo and chromatographic separation. 
The yields recorded for the photoreactions are based on consumed 

Preparation of p[(Trimethylsilyl)methyl]phenylacetic 
Acid (31). p[(Trimethylrilyl)methyl]bromobenzene (4). To 
a suspension of 3.0 g (0.12 pat)  of Mg-turnings in 100 mL of EhO 
was added a solution of 30 g (0.12 mol) of p-bromobenzyl bromide 
(Aldrich) in 200 mL of EhO. To the resulting Grignard reagent 
was added 26 g (31 mL, 0.24 mol) of chlorotrimethylsilane 
(Aldrich), and the resulting mixture was stirred at 25 "C for 12 
h. Addition of ice-water followed by separation, drying, and 
concentration of the mixture gave an oil which was subjected to 
molecular ditillation (0.05 mm, 40 "C) to yield 19.8 g (68%) of 
the silylbromoarene 4 as an oil: lH NMR 0.04 (s,9 H, SiMeg), 
2.06 (s,2 H, CHd, 6.90 and7.35 (ABq, J =  7.5 Hz, 4 H, aromatic); 
l% NMR -2.0 (SiMes), 26.6 (CHZ), 117.4, 139.5 (quart arom), 
129.6,131.1 (CH arom); HRMS m/z 242.0126 (Cl&&Sirequires 
242.0086). 
p[(Trimethylsilyl)methyl]benzyl Alcohol (5). To a sus- 

pension of 2 g (0.08 g-at) of Mg-turnings in 50 mL of THF was 
added solution of 19.8 g (0.08 mol) of bromide 4 in 100 mL of 
THF. To ffie formed Grignard reagent was added formaldehyde 
(gas, generated from heating paraformaldehyde at 180-200 "C 
under an Nz stream). The resulting mixture was stirred at 25 "C 
for $ h and diluted with a mixture of ether and ice-water. The 
organic layer was separated, dried, and concentrated giving an 
oil from khich excess formaldehyde was removed by treatment 
with NaBH,. The resulting mixture was dissolved in ether, 
wdhed with an aqueous HCl, dried, and concentrated giving 
benzylalcohol5 (10.2g,65%) asanoilandjudgedtobesufficiently 
pure (>95%) to be used in the next process: 'H NMR 0.02 (8,  
9 H, SiMe,), 2.12 (8, 2 H, CHd, 4.6 (s,2 H, CHd, 7.00,7.22 (ABq, 
J = 8.0 Hz, 4 H, arom). 
p[(Trimethylrilyl)methyl]benzylChloride (6). Asolution 

of the benzyl alcohol 5 (13 g, 0.07 mol) in 100 mL of concd HC1 
was stirred at 0 "C for 3 h. Extraction of the mixture with ether, 
separatiop, drying, and concentration of the ether layer gave an 
oil which was eubjected to column chromatography (cyclohexane) 
giving an oil which was then subjected to molecular ditillation 
(0.2 mm, 75 "C) to give the benzyl chloride 6 (7.4 g, 66%) as an 
oil: lH NMR 0.05 (8,  9 H, SiMea), 2.15 (8,  2 H, CHd, 4.61 (a, 2 
H, CHz), 7.02, 7.27 (ABq, J = 8.0 Hz, 4 H, arom); l3C NMR -2.0 
(SiMea), 20.9 (CHBi), 46.5 (CHZCl), 128.2,128.5 (arom CHI, 132.9, 
141.0 (mom quart); HRMS m/z 212.0791 (C11H1,ClSi requires 
212.0788). 
p[ (Trimethylsilyl)methyl]phenylacetic Acid (31). To the 

Grignard reagent prepared from 1.0 g (41 mg-at) of Mg and benzyl 
chloride 6 (7.4 g, 35 mmol) in 150 mL of THF was bubbled COz 
for 12 h. The mixture was diluted with an ice-2 N HC1 solution 
and extracted with ether. The ethereal extracts were dried and 
concentrated to give a residue which was subjected to column 
chromatography on silica gel (1:l cyclohexane-iPrOH) to give 
2.4 g (31 % ) of the phenylacetic acid 3f as an oil: 'H NMR -0.05 
(5, 9 H, SiCHd, 2.05 (s,2 H, CHBi), 3.60 (s,2 H, CH2), 6.9 and 
7.1 (ABq, J = 8.0 Hz, 4 H, arom); 13C NMR -1.9 (SiCH3), 26.7 
(CHZSi), 40.6 (CHZ), 128.2 and 129.1 (arom CH), 128.6 and 139.6 
(mom quart), 178.0 (COzH); HRMS mlz 222.1067 (C12H1802Si 
requires 222.1076). 

Photoaddition of pXylene (3a) to 1,4-DCN. Irradiation of 
a solution of 1,4-DCN (180 mg, 1.0 mmol) andp-xylene (3a) (1.30 
g, 12.2 mmol) in l00mL of 1:l MeOH-MeCN followed by workup 
and silica gel column chromatography (hexane-EtOAc) under 
the general conditions described above gave 144 mg (75%) (mp 
73-76 "C, MeOH) of 1-[(4-methylphenyl)methy1]-1,2-dihy- 
dronaphthalene-l,4-dicarbonitrile (7a), 23 mg (12%) (mp 147- 
148 "C, MeOH) of 24 (4-methylphenyl)methyl]-1,2-dihydronaph- 
thalene-1.4-dicarbonitrile (8a), and 5 mg (3%) (mp 88-89 "C, 

1,4-DCN. 
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cyclohexane) of 4-[(methylphenyl)methylInaphthalene-l-car- 
bonitrile (9a), all as crystalline substances. 

7a: 1H NMR 2.32 (e, 3 H, CH,), 2.89 (dd, J = 18.0 and 4.0 Hz, 
1 H, ABX-CHZ), 2.96 (dd, J 18.0 and 6.0 Hz, 1 H, ABX CHz), 
2.87 and 2.99 (ABq, J 14.0 Hz, 2 H, Ar-CHz), 6.76 (dd, J = 4.0 
and 6.0 Hz, 1 H, C=CH), 6.91-7.08 (ABq, J =  8.0 Hz, 4 H, CsHI), 

13C NMR21.1 (CH3), 32.4 (CHz), 41.9 (C-l), 43.4 (PhCHZ), 114.9 
7.35 and 7.43 (m, 3 H, arom), 7.58 (d, J = 7.0 Hz, 1 H, arom-H5); 

and 115.8 (CN), 121.5, 125.9, 126.4, 127.3, 129.2, 129.3, 130.3, 
130.7, 132.1, 127.6, 127.9 (arom and vinyl). Anal. Calcd for 
CmH16Nz: C, 84.48; H, 5.67; N, 9.85. Found C, 84.28; H, 5.34; 
N, 10.09. 

8a: lH NMR 2.35 (s,3 H, CH&, 2.83 and 3.12 (m, 2 H, ArCHz), 
3.08 (m, 1 H, CH), 3.95 (d, J = 8.5 Hz, 1 H, NCCH), 6.63 (d, J 
= 4.0 Hz, 1 H, C=CH), 7.08 and 7.15 (ABq, J = 8.0 Hz, 4 H, 
C a 4 ) ,  7.3-7.6 (m, 4 H, arom); 1% NMR 21.0 (CH3), 34.2 (CH), 

128.0, 128.8, 129.6, 130.4, 133.5, 137.0, 143.8 (arom and vinyl). 
Anal. Calcd for C d & :  C, 84.48; H, 5.67; N, 9.85. Found C, 
84.00, H, 5.20; N, 9.85. 

7.50-7.70 (m, 2 H, arom), 7.85 (d, J = 7.5 Hz, 1 H, H-2),8.13 (d, 

126.2,127.6,128.2,128.6,129.4,131.8,132.4,132.7,136.0,136.2, 
143.5 (arm); HRMS mlz 257.1198 (ClsH15N requires 257.1204). 

Dehydrocyanations of Adducts 7a and 8a. The photoad- 
ducts 7a and 8s from 1,4-DCN and p-xylene (20 mg, 0.07 "01) 
were independently reacted in 10% KOH in ethanol (20 mL) 
solutions at reflux for 2 h. Each mixture was diluted with 
saturated aqueous NH4Cl and extracted with CHZC12. Concen- 
trations of the CHzC12 layers after drying gave the xylylnaph- 
thalenes 10a (from 8a, 16 mg, 90%, mp 107-108 "C, methanol) 
and Sa (from 7a, 16 mg, 90 % ). 

loa: 1H NMR 2.30 (s, 3 H, CH3), 4.12 (a, 2 H, ArCHz), 7.10 

36.1 (CHZ), 39.0 (CH), 114.8 and 115.7 (CN), 117.2,125.9, 127.4, 

9a: 'HNMR2.30(~,3H,CHs),4.55 (~,2H,ArCH9),7.06and 
7.12 (ABq, J = 8.0 Hz, 4 H, CsHr), 7.32 (d, J = 7.5 Hz, 1 H, H-3), 

J = 8.5 Hz, 1 H, H-8), 8.27 (d, J 8.5 Hz, 1 H, H-5); 13C NMR 
21.0 (CH3), 38.8 (Ar CHz), 109.0 (C-1),118.1 (CN), 124.9,125.9, 

and 7.15 (ABq, J = 8.0 Hz, 4 H, CsK), 7.55-7.90 (m, 5 H, arom), 
8.18 (d , J  = 8.0Hz, 1 H, H-5); '3C NMR 21.0 (CH3), 41.0 (ArCHz), 
110.3 (C-l), 117.8 (CN), 124.9, 127.6, 127.9, 128.3, 128.8, 129.5, 
131.0,132.3,133.1,134.1,136.3,136.4,138.5(arom). Anal. Calcd 
for C19H15N C, 88.68; H, 5.88; N, 5.44. Found C, 88.55; H, 5.63; 
N, 5.55. 

Photoaddition of 1,4-Phenylenediacetic Acid (3b) to 1,4- 
DCN. Irradiation of a 1:l MeOH-MeCN solution of 1,4-DCN 
and the diacetic acid derivative 3b (1.0 g, 5.0 mmol) for 1.5 h 
followed by workup by using the general condition described 
above gave a residue which was dissolved in an HCl-MeOH 
solution which was then stirred at reflux for 2 h and concentrated. 
The residue upon silica gel chromtography (hexane-EtOAc) 
provided the photoadduct methyl ester derivatives 7bb (122 mg, 
55%, oil) and 8bb (44 mg, 20%, oil). 

Acid hydrolysis of the esters 7bb and 8bb (20 mg, 0.06 mmol, 
H 8 0 4  in aqueous THF, reflux, 3 h) gave the respective carboxylic 
acids 7b (12 mg, 78%, mp 147-148 "C, methanol) and 8b (15 mg, 
83%, mp 136137 "C, methanol). 

Dehydrocyanation reactions of the acids 7b and 8b (20 mg, 
0.06 mmol, 10% KOH-EtOH, reflux 2 h, workup with saturated 
aqueous NH4C1) gave the respective naphthalene carboxylic acids 
Sb (15 mg, 86%, mp 157-160 "C, methanol) and 10b (13 mg, 
74%, mp 150-155 "C, methanol). 

7bb  'H NMR 2.82 (dd, J = 18.0,3.0 Hz, 1 H, H-2), 2.96 (dd, 
J = 18.0,6.5 Hz, 1 H, H-2), 2.90 and 3.03 (ABq, J 13.0 Hz, 2 
H, AxCHZ), 3.63 (8,2 H, CHzCOz), 3.71 (s,3 H, OCHs), 6.79 (dd, 
J = 3.0,6.5 Hz, 1 H, H-3), 7.01 and 7.22 (ABq, J = 8.0 Hz, 4 H, 
C6H4), 7.38 (d, J = 4.0 Hz, 1 H, H-8),7.4-7.5 (m, 2 H, arom), 7.60 
(d, J = 7.5 Hz, 1 H, H-5). Anal. Calcd for C22HlaN202: C, 77.17; 
H, 5.30; N, 8.18. Found C, 77.01; H, 5.15; N, 8.20. 

8bb: lHNMR2.85-3.18(m,2H),3.05-3.18(m,lH,H-2),3.64 

Hz, 4 H, CsH4), 7.3-7.6 (m, 4 H, arom). Anal. Calcd for 
CzzH18N202: C, 77.17, H, 5.30; N, 8.18. Found: C, 77.12; H, 5.22; 
N, 8.35. 

(8, 2 H, CHZCO~), 3.72 (8, 3 H, OCH3), 3.98 (d, J 8.5 Hz, 1 H, 
H-1), 6.69 (d, J =  4.0 Hz, 1 H, H-3), 7.13 and 7.29 (ABq, J =  8.0 

7b: 'H NMR 2.82 (dd, J = 18.0, 3.0 Hz, 1 H, H-2), 2.96 (dd, 
J = 18.0,6.5 Hz, 1 H, H-2), 2.90 and 3.03 (ABq, J = 13.0 Hz, 2 
H, ArCHz), 3.65 (s,2 H, CHzCOz), 6.79 (dd, J = 3.0,6.5 Hz, 1 H, 
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Photoaddition of (pMethy1benayl)trimethylrilane (3d) 
to 1,4-M=N. Irradiation of a 1:l MeOH-MeCN solution of 1,4- 
DCN and the @-methylbenzy1)silane 3d (1.80 g, 10.0 "01) for 
1.5 h followed by the general workup procedure and silica gel 
chromatography (hexanes-EtOAc) gave adducts 7a (115 mg, 
42 % ), 8a (104 mg, 38%), and 9a (50 mg, 20% ). When irradiation 
was conducted on a 1:l MeOH-MeCN solution of 1,4-DCN and 
3d containing 0.1 M nBu,NOH for 1.5 h followed by workup and 
silica gel column chromatography, the naphthalene derivativee 
9a and 10a were obtained in 50% and 25% respective yields. 
Finally, irradiation of a 1,CDCN and 3d solution in 1:l MeOH- 
MeCN for 1.5 h followed by addition of ~BQNOH to a 
concentration of 0.1 M and stirring at 25 "C for 2 h gave after 
workup 9a and 10a in respective yields of 55% and 22%. 

Photoaddition of pMethylphenylacetic Acid (Se) to l,4- 
DCN. Irradiation of a 1:l MeOH-MeCN solution of 1,4-DCN 
and theptolylaceticacid3e (1.5Og, 1O.Ommol) for 1.5 hfollowed 
by the general workup procedure and silica gel chromatography 
(hexanes-EtOAc) gave the adducts 7a (86 mg, 40%), 8a (32 mg, 
15%), and 9a (8 mg, 5%). When a solution of 1,CDCN and 38 
in 1:l MeOH-MeCN containing 0.1 M nBu,NOH was irradiated 
for 1 h followed by acidification (N&C1), workup and silica gel 
chromatography (hexanes-EtOAc), the naphthalene derivatives 
9a and 10a were obtained in 45% and 28% respective yields. 
Finally, when the photolysate obtained by irradiation of 1,4- 
DCN and 3e in 1:l MeOH-MeCN was brought to 0.1 M in nBu,- 
NOH, stirred for 2 h at 25 OC, and subjected to workup, the 
naphthalene derivatives 9a and 1Oa were obtained in respective 
42% and 20% yields. 

Photoaddition of p[ (Trimethylsilyl)methyl]pbnylace- 
tic Acid (31) to 1,4-DCN. Irradiation of a 1:l MeOH-MeCN 
solution of 1,4-DCN and the silylphenylacetic acid 3f (1.0 g 4.5 
mmol) for 1.5 h followed by concentration gave a residue which 
was dissolved in HCl-MeOH and stirred at 25 OC for 1.5 h. 
Concentration of this mixture gave a residue which was chro- 
matographed on silica gel (hexanes-EtOAc) to give the ester 
derivatives 7bb (135 mg, 55%) and 8bb (50 mg, 20%). A 1:l 
MeCN solution of 1,4-DCN and 3f containing 0.1 M nBu,NbH 
was irradiated for 45 min, acidified (NHdCl), and concentrated 
to give a residue which was diesolved in HC1-MeOH and stirred 
at 25 OC for 2 h. Concentration followed by silica gel chroma- 
tography and hydrolysis of the individual substances with H r  
SO, in aqueous THF gave the naphthalene derivative 9c (26 mg, 
41%) and a trace quantity of both 9b and lob (5%). Finally, 
irradiation of a 1:l MeOH-MeCN solution of 1,4-DCN and 3f 
followed by addition of nBu,NOH to a concentration of 0.1 M, 
stirring for 2 h, and workup, followed by esterification m d  
chromatography and hydrolysis as above, gave the naphthalene 
derivatives 9b (76 mg, 45%) and lob (25 mg, 15%). 
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H-3), 7.01 and 7.22 (ABq, J = 8.0 Hz, 4 H, C&), 7.38 (m, 1 H, 
H-8), 7.4-7.5 (m, 2 H, H-6, H-7), 7.6 (D, J = 7.5 Hz, 1 H, H-5); 

114.9 (CN), 115.8 (CN), 121.4, 126.0, 126.3, 127.3, 129.5, 130.4, 
131.8,132.9,133.0,137.8 (arom and vinyl), 176.8 (COzH). Anal. 
Calcd for CzlHleNzO2: C, 76.81; H, 4.91; N, 8.53. Found: C, 
76.56; H, 4.75; N, 8.65. 

8 b  1H NMR 2.86 and 3.18 (m, 2 H, CHz), 3.03-3.18 (m, 1 H, 

C6H4), 7.3-7.6 (m, 4 H, arom); I3C NMR 34.0 (C-2),36.0 (ArCHz), 

127.0,127.8,127.9,129.1,129.7, 129.9,130.4, 132.3,135.6,143.4 
(arom and vinyl), 176.8 (COZH). Anal. Calcd for Cz1H1BNzOz: 
C, 76.81; H, 4.91; N, 8.53. Found: C, 76.85; H. 4.83; N, 8.35. 

'3C NMR 32.4 (C-2), 40.5 (CHzCOz), 41.7 (C-l), 43.3 (ArCHz), 

H-2), 3.67 (8,2 H, CH~COZ), 3.98 (d, J 8.5 Hz, 1 H, H-l), 6.68 
(d, J = 4.0 Hz, 1 H, H-3), 7.18 and 7.27 (ABq, J = 8.0 Hz, 4 H, 

38.6 (C-l), 40.4 (CHzC03) 114.8 (CN), 115.6 (CN), 117.1, 125.7, 

9 b  'H NMR 3.62 (8,2 H, CH&Oz), 4.48 (8,2 H, ArCHz), 7.13 
and 7.22 (ABq, J 7.5 Hz, 1 H, 

8.09 (d, J 8.5 Hz, 1 H, H-8), 8.29 (d, J = 8.5 Hz, 1 H, H-5); 13C 
NMR 38.8 (ArCHz), 40.5 (CH), 40.5 (CHzCOzH), 109.1 (C-l), 

8.0 Hz, 4 H, C&), 7.31 (D, J 
H-3), 7.55-7.70 (m, 2 H, H-6, H-7), 7.86 (d, J =  7.5 Hz, 1 H, H-2), 

118.0 (CN), 124.9, 125.9, 126.4, 127.7, 128.2, 129.0, 129.7, 131.7, 
132.4, 132.6, 138.3 (arom), 177.4 (COzH); HRMS mlz 301.1107 
(CmHlaNOz requires 301.1103). 

7.15 and 7.28 (ABq, J = 8.0 Hz, 4 H, C&), 7.55-7.90 (m, 5 H), 

129.7,131.0,132.4,132.4,133.1,134.1,138.1,138.4 (arom), 172.0 
(COzH); HRMS m/z 301.1068 (CZ~HI~NOZ requires 301.1103). 

Photoaddition of p[(Trimethylsilyl)methyl]benzyltri- 
methylsilane (3c) to 1,4-DCN. Irradiation of 1:l MeOH-MeCN 
solution of 1,I-DCN and the bis-silyl xylene 3c (1.0 g, 2.8 "01) 
for 1.5 h followed by workup by using the general conditione gave 
after silica gel chromatography (hexanes-EtOAc) 120 mg (65%) 
of the adduct 7c as an oil and a fraction containing the adduct 
8c (ca. 10%) contaminated with an inseparable, unidentified 
impurity. Adduct 7c was subjected to dehydrocyanation (KOH, 
EtOH, reflux, 2 h) giving the naphthalene derivative 9c (86%) 
as an oil. 

7c: 'H NMR 0.02 (8,  9 H, TMS), 2.83 (dd, J = 18.0, 3.0 Hz, 

10b 'H NMR 3.65 ( ~ , 2  H, CHzCOzH), 4.13 ( ~ , 2  H, ArCHz), 

8.20 (d, J =  8.0 Hz, 1 H, H-5); I3C NMR 38.8 (ArCHz), 40.5 (CHr 
COzH), 110.7 (C-I.), 117.8 (CN), 125.0,127.7,128.0, 128.2, 129.2, 

1 H, H-1), 2.95 (dd, J 18.0, 6.5 Hz, 1 H, H-l), 2.88 and 3.01 
(ABq, J = 14.0 Hz, 2 H, ArCHz), 6.78 (dd, J = 3.0,6.5 Hz, 1 H, 
H-3), 6.82 and 6.89 (ABq, J = 8.0 Hz, 4 H, C&), 7.25-7.48 (m, 
3 H), 7.58 (d, J = 7.5 Hz, 1 H, H-5); NMR -2.0 (SiCHs), 26.6 
(CHZSi), 32.5 (C-2), 41.8 (C-1), 43.1 (ArCHz), 114.6 (CN), 115.8 
(CN), 121.6, 125.7, 126.2,127.4, 127.9,129.1, 129.2,129.7,130.0, 
131.9, 138.0 and 140.2 (arom and vinyl); HRMS mlz 356.1705 
(CzaHz4NSi requires 356.1709). 

8c: 'H NMR -0.01 (e, 9 H, SiCHs), 2.05 (8,  2 H, CHzSi), 2.85 
and 3.06 (m, 2 H, ArCHz), 3.00-3.15 (m, 1 H, H-2), 3.95 (d, J = 
8.5 Hz, 1 H, H-1), 6.64 (d, J 4.0 Hz, 1 H, H-3), 7.00 (ABq, J 

8.0 Hz, 4 H, C&), 7.3-7.6 (m, 4 H). 
9c: 'H NMR 0.02 (8, 9 H, SiCH3), 2.07 (8,  2 H, CHzSi), 4.45 

(d, J = 7.5 Hz, 1 H, H-3), 7.5-7.7 (m, 2 HI, 7.86 (d, J = 7.5 Hz, 

H, H-5); I3C NMR -2.0 (SiCHs), 28.5 (CHzSi), 38.7 (ArCHz), 

128.6,131.7,132.3,132.5,134.3,138.7,143.7 (arom); HRMS m/z 
329.1583 (CzzHz3NSi requires 329.1600). 

( ~ , 2  H, ArCHz), 6.96 and 7.05 (ABq, J = 8.0 Hz, 4 H, CSH~), 7.32 

1 H, H-2), 8.15 (d, J = 8.5 Hz, 1 H, H-8), 8.28 (d, J 8.5 Hz, 1 

108.8 (C-1), 118.1 (CN), 124.9, 125.8, 126.1, 127.4, 128.1, 128.3, 

Supplementary Material Available: 'H NMR spectra of 
3f, 4-6,7a,c, and 9a,c (8 pages). This material is contained in 
libraries on microfiche, immediately follows this article in the 
microfilm version of the journal, and can be ordered from the 
ACS; see any current masthead page for ordering information. 


