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Studies were conducted to explore single electron transfer (SET) induced photoaddition reactions of 9,lO- 
dicyanoanthracene (DCA) with a variety of n-electron donors including silicon-containing substrates (EtOCH2TMS, 
EtSCH2TMS, and EhNCH2TMS). Photoadditions of EtOCHzTMS and EtSCH2TMS to DCA in MeCN occur 
in high yields to produce 10-substituted 9,10-dicyano-9,10-dihydroanthracenes in which the anthracenyl unit 
is bonded to the ether or thioether in place of the TMS substituent. The photoadducts undergo base-induced 
dehydrocyanation and oxidation to generate the respective 10-substituted 9-cyanoanthracenes and 10-substituted 
10-cyano-9-anthrones. Photoaddition of EtzNCH2TMS to DCA in MeCN produces the corresponding di- 
hydroanthracene adduct, which spontaneously dehydrocyanates under the reaction conditions to yield the 
corresponding 10-substituted 9-cyanoanthracene. This process is inefficient as compared to the 0 and S analogues; 
other products from this reaction include 9-cyano-lO-aminoanthracene, 9-cyanoanthracene, and 9-cyano-10- 
methylanthracene. The latter product is shown to arise by secondary photoreaction of the EhNCH2TMS-DCA 
anthracene adduct. Mechanisms for these photoadditions involving SET from the n donors to DCASl followed 
by selective desilylation of the intermediate cation radicals and radical coupling are proposed. In contrast, 
photoadditions of EhO and THF occur in high yield while that of EhNMe to DCA is inefficient. These processes 
follow sequential electron-transfer-deprotonation pathways. Finally, the a-amino radical, EhNCH2, an intermediate 
in the DCA + EhNCH2TMS photoreaction, is trapped by added cyclohex-2-en-1-one and its 4,4dimethyl analogue 
via routes involving conjugate radical addition. Adduct formation between these enones and Et2NCH2TMS 
represents a novel method for initiating radical addition processes by use of SET photosensitization. 

Photochemical processes operating via single electron 
transfer (SET) mechanisms continue to receive active 
attention owing to their mechanistic interest1 and unique 
synthetic potentiaL2 Reaction pathways in these systems 
are promoted by thermodynamically and kinetically fa- 
vorable3 SET occurring between ground and electronic 
excited states of acceptor-donor pairs. The sequence 
outlined in Scheme I typifies a photoelectron-transfer 
process in which ion radical intermediates are formed by 
SET from a donor to an excited acceptor. Product for- 
mation in SET reactions is often governed by secondary 
processes of the initially formed ion radicals as exemplified 
in Scheme I by transfer of an electrofugal group, E, be- 
tween donor cation and acceptor anion radicals. 

A vast majority of studies in this area have focused on 
processes in which the chemistry of cation radical inter- 
mediates plays a dominant role in controlling the nature 
of adducts generated>+ Perhaps the most common are 
reactions of cation radicals that involve proton and metal 
cation (-SiR3+ or SnR3+) transfer from sites adjacent to 
the charged radical center (eq 1). Examples of this are 

(1) (a) Fox, M. A. Adu. Photochem. 1986,13,295. (b) Mariano, P. S. 
Synthetic Organic Photochemistry; Horspool, W. M., Ed.; Plenum: 
London, 1983; p 145. (c) Mattes, S. L.; Farid, S. Organic Photochemistry; 
Padwa, A., Ed.; Marcel Dekker: New York, 1983; Vol. 6, p 233. (d) 
Davidson, R. S. Adv. Phys. Org. Chem. 1983,19,1. (e) Kavarnos, G. J.; 
Turro, N. J. Chem. Rev. 1986,86,401. (f) Julliard, M.; Chanon, M. Zbid. 
1983, 83, 425. 

(2) See ref l b  and: Ho, G. D.; Mariano, P. S. J. Org. Chem. 1987,52, 
704. Chiu, F. T.; Ullrich, J. W.; Mariano, P. S. Zbid. 1984, 49, 228. 
Schofield, R. A,; Mariano, P. S. Ibid. 1985, 50, 5667. 

(3) Rehm, D.; Weller, A. Zsr. J. Chem. 1970, 8, 259. 
(4) (a) Davidson, R. S.; Steiner, P. R. J. Chem. SOC., Perkin Trans. 2, 

1972,1357. (b) Kurauchi, Y.; Ohga, K.; Nobuhara, H.; Morita, S. Bull. 
Chem. SOC. Jpn. 1985,58, 2711. 

(5) Davidson, R. S.; Orton, S. P. J. Chem. SOC., Chem. Commun. 1974, 
209. 

(6) (a) Arnold, D. R.; Maroulis, A. J. J. Am. Chem. SOC. 1976,98,5931. 
(b) Lee, L. Y. C.; Ci, S.; Giannotti, C.; Whitten, D. G. Ibid. 1986,108,175 
and references therein. (c) See ref 8 for an additional example. 
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found in photoadditions of heteroatom-centered, n-electron 
donors including amines,' ethers, and alcoholss as well as 
in reactions involving ~ l e f i n - ~  and arene-derivedlO cation 
radicals. 

( E  H or MR3) 

Acceptors of varying types have been employed in 
SET-initiated photoprocesses including compounds con- 
taining carbonyl, arene, olefin, and iminium cation 
groupings. Cyanoarenes have played a prominent role in 
this regard owing to their high excited-state reduction 
potentials, their participation in aromatic-substitution 
reactions, and in some cases their ability to act as elec- 
tron-transfer photosensitizers. A key substance in this 
class has been 9,lO-dicyanoanthracene (DCA), a long 
wavelength absorbing cyanoarene with a high excited-state 
reduction potential. Only a few examples exist in which 

(7) For example: (a) Lewis, F. D.; Ho, T. I. J. Am. Chem. SOC. 1980, 
102, 1751. (b) Cohen, S. G.; Baumgarten, R. J. Ibid. 1965, 87, 2996. 

(8) (a) Stavinoha, J.; Bay, E.; Leone-Bay, A.; Mariano, P. S. Tetra- 
hedron 1981,37,3385. (b) Brumfield, M. A,; Quillen, S. L.; Yoon, U. C.; 
Mariano, P. S. J. Am. Chem. SOC. 1984, 106, 6855. 
(9) (a) Ohga, K.; Yoon, U. C.; Mariano, P. S. J. Org. Chem. 1984,49, 

213. (b) Eaton, D. F. J. Am. Chem. SOC. 1981, 103, 7235. 
(10) (a) Albini, A,; Fasami, E.; Mella, M. J. Am. Chem. SOC. 1986,108, 

4119. (b) Lewis, F. D.; Zebrowshi, B. E.; Correa, P. E. Zbid. 1984, 106, 
187. ( c )  Lewis, F. D.; Correa, P. E. Zbid. 1984, 106, 194. 
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Table I. Product Yields in Photoreaction of DCA with 
Amine and Ether n -Electron Donors 

n-electron donor products (yield, YO)" 
MeBSiCHzOEt (1) 4 (89) 
MeaSiCHzSEt (2) 5 (90) 
MeBSiCHzNEtz (3) 
Et20 11 (93) 
THF 12 (99) 
MeNEtz 

6 (191, 7 (5), 8 (2% 9 (3) 

6 (21, 7 (41, 8 (411, 9 (1) 

Product yields are based upon recovered DCA. 

adduct formation occurs upon irradiation of DCA in the 
presence of electron donors.'l 

As a result of our interest in developing new photo- 
electron-transfer processes and in probing mechanistic 
aspects of these reactions, we have recently initiated a 
program to investigate the electron-transfer photochem- 
istry of systems comprising a-silicon-substituted, n-electron 
donors and acceptors of the enone and cyanoarene class. 
In this report, we describe the results of our exploratory 
study of the electron-transfer photochemistry of DCA with 
a variety of n-electron donors. We have found that adduct 
formation between DCA and these donors is reasonably 
efficient and that DCA photosensitizes additions of a-silyl 
amines to a,@-unsaturated ketones. 

Results 
cy-Silyl Ether and Amine Photoadditions to DCA. 

Solutions of DCA (saturated, ca. 0.4 mM) in MeCN and 
the a-silyl ether 1,12 thioether 2,13 and amine 3 (see Ex- 
perimental Section) (ca. 16.6 mM) were irradiated with 
flint glass filtered light ( A  >290 nm) for the time periods 

(11) (a) Brown-Wensley, K. A.; Mattes, S. L.; Farid, S.  J. Am. Chem. 
SOC. 1978,100, 4162. (b) Ichinose, N.; Mizuno, K.; Hiromoto, A.; Otsugi, 
Y. Tetrahedron Lett. 1986, 27, 5619. (c) Reference 9b. 

(12) (a) Brune, H. A.; Schulte, D. Chem. Ber. 1967, 100, 3438. (b) 
Schraml, J.; Chuy, M. D.; Novak, P.; Chavalovsky, V.; Maji, M.; Lippman, 
E. Collect. Czech. Chem. Commun. 1978, 43, 3302. (c) Schraml, J.; 
Chavalovsky, V.; Magi, M.; Lippman, E. Zbid. 1978, 43, 3365. 

(13) Noller, D.; Post, H. J. Org. Chem. 1952, 17, 1393. 
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Table 11. Chemical Shifts for H-9 in the 'H NMR Spectra 
of 9,10-Dihydroanthracene Adducts Arising from 

Photoaddition of DCA to Ether Donors 
adducts H-9 chemical shifts" (relative intensitv) 

4 
5 

1 1  
12 

5.26 (52), 5.37 (48) 
5.26 (54), 5.46 (46) 
5.27 (38), 5.51 (62) 
5.29 (40), 5.51 (60) 

In parts per million relative to Me,Si for both stereoisomers. 

given in the Experimental Section. Chromatographic 
separation of the crude photolysates provided the adducts 
shown in Scheme I1 in yields given in Table I. The di- 
hydroanthracene adducts 4 and 5 arising in high yields 
from photoreactions of DCA with the respective silyl ethers 
1 and 2 were produced as ca. 1:l mixtures of stereoisomers. 
Characteristic resonances in the IH NMR spectra of these 
substances associated with protons at  C-9 were used to 
determine isomer ratios (Table 11). These resonances 
along with those corresponding to the arene-ring and 
side-chain protons provided preliminary evidence for these 
structural assignments. More definitive structural infor- 
mation has come from chemical transformations of these 
substances (see below). 

Unlike the case of ethers 1 and 2, photoreaction of DCA 
with the silyl amine 3 leads to formation of a variety of 
products including the anthracene adduct 6, methyl- 
cyanoanthracene 7, aminocyanoanthracene 8, and 9- 
cyanoanthracene (9). Interestingly, the dicyanodihydro- 
anthracene 10, which presumably serves as the precursor 
of 6, cannot be detected in the crude photolysate. Char- 
acteristic spectroscopic data for 6 were used in assigning 
its structure. The cyanoanthracenes 814 and 715 are known 
substances. 

The origin of 10-methyl-9-cyanoanthracene (7) in the 
photolysate arising from reaction of DCA with silyl amine 

(14) Ohashi, M.; Kudo, H.; Yamada, S.  J. Am. Chem. SOC. 1979,101, 

(15) Wawzonek, S.; Hallum, J. V. J. Org. Chem. 1959, 24, 364. 
2201. 
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3 is interesting. We have shown that this substance is a 
secondary photoproduct of the adduct 6. Accordingly, 
irradiation of MeCN solutions of 6 in the presence or ab- 
sence of added 3 leads to production of the methyl- 
cyanoanthracene 7. The efficiency for conversion to 6 to 
7 is enhanced ca. 3-fold when the amine 3 is present at a 
concentration of 2.6 X M. 

Photoadditions of Non-Silicon-Containing Ethers 
and Amines to DCA. Photoreactions of DCA with di- 
ethyl ether, THF, and N-methyl-N,N-diethylamine were 
conducted under conditions (MeCN, X >290 nm) similar 
to those utilized in reactions of the silicon analogues. 
Chromatographic separations of the photolysates arising 
from reactions of EtzO and THF led to isolation in high 
yields of the dihydroanthracene adducts 11 and 12 as ca. 
1:l mixtures of C-9 epimers (Scheme 111, Tables I and 1I).l6 
In addition, irradiation of DCA (MeCN, X >290 nm) in the 
presence of N-methyl-Nfl-diethylamine leads to produc- 
tion of the same products (6-9) as are formed from reaction 
of silyl amine 3 with DCA (Table I). Major differences 
exist, however, in these processes. Specifically, the relative 
yields of the adduct 6 (19% vs 2%), aminocyanoanthracene 
8 (29% vs 41%), and 9-cyanoanthracene 9 (3% vs 1%) 
differ significantly depending upon whether silyl amine 
3 or methyldiethylamine serves as the addend. 

Chemistry of the 9,lO-Dihydroanthracene Adducts. 
In order to simplify characterization of the adducts arising 
from photoaddition of the ethers and thioethers to DCA 
(products are mixtures of stereoisomers) and to determine 
why addition of amine 3 results in production of anthra- 
cene rather than dihydroanthracene products, we briefly 
explored base-induced reactions of 4, 5, 11, and 12. Ini- 
tially, we anticipated that these substances would undergo 
dehydrocyanation to generate the corresponding 10- 
cyanoanthracenes under basic conditions. Surprisingly, 
treatment of the adduct 5 with triethylamine in nitro- 
gen-prepurged solutions of MeCN at 20 "C led not only 
to formation of anthracene 13 but also to the anthrone 14 
in a ratio of 1.51. Also, only the anthrone 14 was produced 
when this same process was performed on air-saturated 
MeCN solutions. Similarly, the anthracene 13 and trace 
quantities of anthrone 14 were obtained by treatment of 
5 with K&03 in 15% aqueous MeCN at 20 OC under a 
nitrogen atmosphere. An additional curiosity is seen when 
dehydrocyanation of 5 is conducted a t  elevated tempera- 
ture (75 OC) with morpholine in MeCN. In this case, the 
anthrone 14 was formed as a minor product (21%) along 
with DCA (60%). Analogous results were obtained from 
studies of dehydrocyanation reactions of the other di- 
hydroanthracenes, 4, l l ,  and 12 (Table 111). 

5 -  

CN 

13 

0 

14 

~~ 

(16) In the case of adducts 11 and 12, four diastereomers are possible. 
'H NMR analysis indicated the presence of two sets of isomers of un- 
defined stereochemistry in the ratios shown in Table 11. 

NC' 'H 

12 

Table 111. Base-Induced Reactions of Dihydroanthracenes 
4, 9, 11, and 12 

dihydro- 
anthra- products (yields, 

cene base solvent condtns %) 
5 Et3N MeCN air satd, 14 (ca. 100) 

5 Et3N MeCN Nz, 20 "C 13 (39), 14 (61) 
5 K&03 aq MeCN Nz, 20 "C 13 (87), 14 (5) 
5 morpholine C6H6 N2, 75 "C lj (21), DCA (60) 
4 morpholine C6Hs Nz, 75 "C 15 (61), DCA (22) 

20 "C 

11 Et3N MeCN Nz, 20°C 16 (66) 
12 Et3N MeCN N z , 7 0  "C 17 (80) 

It appears that subtle changes in the reaction conditions 
have a pronounced effect upon the nature of products 
arising from base treatment of the dihydroanthracenes. 
Strictly anaerobic conditions (even more than nitrogen 
prepurging affords) and low temperatures are required to 
insure that simple dehydrocyanation occurs to produce 
anthracene products. The presence of even trace quan- 
tities of oxygen is apparently sufficient to cause diversion 
of the reaction pathway toward anthrone formation. Fi- 
nally, generation of DCA appears to be favorable a t  high 
temperatures. 

15 16 & / / 

0 

17 

The mechanism for anthrone formation is most probably 
similar to that followed in related oxidations of benzylic 
nitri1es.l8 

(17) (a) Ware, W. R.; Holms, J. D.; Arnold, D. R. J. Am. Chem. SOC. 
1974, 96, 7861. (b) The oxidation potentials of these silyl ethers and 
amines is not known. However, the effects of RsSi substitution on donor 
oxidation potentials have been measured (ref 24). 
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type in the DCA photoadditions, we performed trapping 
experiments. We anticipated that radicals of type 18 
would be "nucleophilic" (i.e., high SOMO energy) and, 
therefore, that trapping by electrophilic olefins (e.g., a,@- 
unsaturated ketones) would be likely. Our preliminary 
studies employed trapping of intermediates in the DCA- 
silyl amine 3 photoreaction by cyclohex-Zen-1-one (19) and 
its 4,4-dimethyl derivative 20. 

0 

Table IV. DCA Fluorescence Quenching by n-Electron 
Donors 

Stern-Vol- k,, M-'s-I 
mer slopes (20 "C, 

n-electron donors (kq7) MeCN) 
EtOCHZTMS (1) 7.5 4.9 x 108 
EtSCHzTMS (2) 196 1.3 X 10" 
EtzNCHzTMS (3) 243 1.6 X 10'O 
EtzNCH3 242 1.6 X 10'O 
EtsN 271 1.8 X 10'' 

On the basis of these results, it is clear that dihydro- 
anthracene adducts produced in the photolysates (oxygen 
free) from reaction of DCA with the tertiary amine sub- 
strates would undergo rapid and efficient dehydrocyana- 
tion. This explains why dihydroanthracene adducts are 
not detected in these cases. Finally, the anthracenes and 
anthrones generated in the chemical processes described 
above were useful in assigning structures since in most (not 
all) of these cases problems with diastereomeric mixtures 
were absent. 

Fluorescence Quenching. In order to gather evidence 
to support assignment of the singlet excited state of DCA 
as the reactive intermediate in the above processes and of 
mechanistic pathways involving electron transfer, we in- 
vestigated DCA fluorescence quenching by the n-electron 
donors. Fluorescence measurements were made in MeCN 
at  20 "C, and quenching rate constants (k,) were deter- 
mined by use of Stern-Volmer techniques (giving K,T)  and 
on the basis of the known singlet lifetime ( T  = 15.2 ns)17* 
of DCA. The data, summarized in Table IV, indicate that 
the ethers, thioethers, and amines serve as efficient 
quenchers of the DCA singlet excited state and that k, 
values parallel the expected oxidation potentials of the 
d0n0rs . l~~  

Additional Mechanistic Studies. As indicated above, 
photoadducts arising from reaction of DCA with the silyl 
ether 1 and thioether 2 are 9,lO-dihydroanthracenes (4 and 
5,  respectively). Since the origin of the proton at  C-9 in 
these adducts has a mechanistic consequence, experiments 
were performed to gain information about this question. 
Deuterium labeling techniques were used in this case. 
Solutions of DCA and thioether 2 (6.2 X M) in MeCN 
(6 mL) containing either H 2 0  (0.2 mL) or D20 (0.2 mL) 
were independently irradiated for 10 h. To the respective 
photolysates were added 0.2 mL of D20 (for the H20- 
MeCN reaction) and 0.2 mL of H20 (for the D20-MeCN 
reaction). The resulting solutions were stirred at  20 "C 
for 10 h and concentrated in vacuo, giving photolysates, 
which were analyzed by 'H NMR to determine the pro- 
tiofdeuterio content a t  C-9. The results show that deu- 
terium incorporation at this position occurred to the extent 
of 13% in the process involving irradiation in a H20- 
MeCN solution followed by addition of D20  and to the 
extent of 46% in the reaction where D20 was present 
during irradiation. Clearly, a mechanism for adduct for- 
mation involving transfer of a proton from H20  or other 
acids to C-10 of the anthracene skeleton must be an im- 
portant contributor. The lower than 100% d incorporation 
could be due to silylated MeCN serving as an alternative 
proton source (see below). 

The nature of the products formed in these photoin- 
duced addition reactions is suggestive of a mechanistic 
route involving the intermediacy of heteroatom stabilized 
carbon radicals 18 (RX = RO, RS, or R2N). In order to 
gain information about the intermediacy of radicals of this 

(18) (a) Donetti, A.; Boniardi, 0.; Ezhaya, A. Synthesis 1980, 1009. (b) 
Freerksan, R. W.; Selikson, S. J.; Wroble, R. R.; Kyler, K. S.; Watt, D. 
S. J. Org. Chem. 1983, 48, 4097. 

.. e 
R-X-CH? 

18 

19(R=H) xR 20(R=Me) 
R 

Irradiation of DCA solutions (MeCN) containing either 
enone 19 or 20 and silyl amine 3 (2-3 X M) was con- 
ducted by utilizing uranium glass filtered light (A >310 
nm). Two types of amine-enone adducts (21 and 22, and 
23 and 24) were detected in the crude photolysates by GLC 
methods. The adducts were shown to be identical in all 
respects with substances we had already observedlg as 
products formed by direct irradiation (A >320 nm) of the 
enones 19 and 20 in the presence of 3. Because of this and 
since competitive light absorption by the enones and DCA 
occurs under the irradiation conditions used, enone-amine 
adduct ratios were determined as a function of enone 
concentration.20,22 Extrapolation of the data to zero enone 
concentration provides adduct ratios that are reflective of 
the processes that are sensitized by DCA. The data, 
presented elsewhere?l show that the non-silicon-containing 
adducts 23 and 24 are formed predominantly in the DCA 
electron transfer sensitized additions of 3 to 19 and 20. 

hv 

* R 0 - R&NEt* 

TMS 

19 (R=H) 

20 (R=Me) 

21 ( k H )  23 (R=H) 

22 (R=Me) 24 (RZMe) 

Discussion 
The observations presented above clearly show that the 

cyanoarene DCA participates in photoaddition reactions 
with a variety of a-silyl and non-silicon-containing ether, 
thioether, and amine substrates. Reactions of DCA with 
the a-silyl n-electron donors are highly chemoselective, 
leading to adducts 26 (Scheme IV) in which the dihydro- 
dicyanoanthracenyl unit is bonded to the a-carbon in place 
of the trimethylsilyl group. In the case of substrates 
lacking silicon substitution, such as Et20, THF, and 
Et2NMe, photoadditions lead to substitution of the an- 
thracenyl moiety for a hydrogen a t  carbon sites adjacent 
to the heteroatoms. Importantly, in the reactions of DCA 
with a-silyl donors, silicon-containing adducts (27) are not 
generated by formal C-H substitution pathways. Finally, 
in most cases (except for amines), the photoaddition re- 
actions occur in moderate to high yields. 

(19) Yoon, U. C.; Kim, J. U.; Hasegawa, E.; Mariano, P. S. J. Am. 
Chem. SOC. 1987,109, 4421. 

(20) The ratios of silicon-containing and non-silicon-containing ad- 
ducts in the DCA-sensitized reactions vary with amine 3 concentration 
(ref 21). This phenomenone appears to be related to an amine base effect 
on the relative rates of deprotonation versus desilylation of the inter- 
mediate cation radical. 

(21) Hasegawa, E.; Mariano, P. S.; Yoon, U. C.; Kim, J. U. J. Am. 
Chem. SOC., in press. 

(22) The low solubility of DCA in MeCN prevents the conduct of 
alternative experiments in which [DCA] is increased. 
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The nature of the photoadducts along with an analysis 
of excited- and ground-state electrochemical potentials 
suggests that these reactions follow electron-transfer 
mechanisms. Fluorescence-quenching data for the silyl 
substrates are consistent with this view and implicate the 
DCA singlet as the reactive excited state. For example, 
on the basis of donor oxidation potentials, the free energy 
for SET to DCAsl should become less negative in the series 
R3N > RSR > ROR.3*23 The observed fluorescence- 
quenching rate constants bear an inverse relationship to 
this trend as is expected for moderately exergonic, out- 
er-sphere SET pathways for DCASl dea~tivation.~ Futh- 
ermore, quenching rate constants are large for the silyl 
donors, approaching the diffusion-controlled limit (ca. 2 
x 1O1O M-l s-l in MeCN). It is important to note in this 
regard that neither E t20  nor THF serves as an efficient 
quencher for DCA fluorescence. The lower rates for these 
substrates as compared to those of the silicon-containing 
analogues is probably reflective of silicon-substituent ef- 
fects on lowering donor oxidation  potential^.^^ 

Electron donation in a-silyl donor-DCAS1 pairs results 
in initial formation of ion radical pairs 28 (Scheme V). 
Unlike the case of benzophenone-tertiary amine pho- 
toinduced SET, studied in detail by  peter^^^^,^ and Mat- 
aga,2k information is not available on the nature (contact 

(23) Mann, C. K.; Barns, K. K. Electrochemical Reactions in Nona- 
aueous Media: Bard. A. J.. Ed.: Marcel Dekker: New York, 1970. 

(24) (a) References 24b-e contain observations that show that a-tri- 
alkylsilyl substitution in amines, thioethers, and allylsilanes causes an ca. 
0 .145-V reduction in oxidation potentials. (b) Bock, H.; Seidl, H. J. 
Organomet. Chem. 1978,13,87. (c) Pitt, C. G.; Bock, H. J. Chem. SOC., 
Chem. Commun. 1972,28. (d) Weidner, U.; Schweig, A. Angew. Chem., 
Int. Ed. Engl. 1972,11,146. ( e )  Bock, H.; Kaim, W. J. Am. Chem. SOC. 
1980, 102, 4429. See also: Cooper, B. E.; Owen, W. J. J. Organomet. 
Chem. 1971,29,33. Yoshida, J.; Isoe, S. Tetrahedron Lett. 1987,2E, 6621. 
Yoshida, J.; Isoe, S. Chem. Lett. 1987, 631. 

(25) (a) Shaefer, C. G.; Peters, K. S. J. Am. Chem. SOC. 1980,202,7566. 
(b) Manring, L. E.; Peters, K. S. Ibid. 1983, 105, 5708; Ibid. 1985, 107, 
6452. (c) Arimitau, S.; Masuhara, H.; Mataga, N.; Tsubomura, N. J. Phys. 
Chem. 1975, 79, 1255. 

Scheme V 
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or solvent-separated ion pair) of the initially formed or 
reacting charged radical pairs. Independent of this and 
on the basis of the high yields for product formation, we 
can conclude that the cation radicals generated from silyl 
ether and siiyl thioether donors undergo efficient desily- 
lation to produce neutral radicals 29. Acetonitrile most 
probably serves as the nucleophile in the desilylation 
process. Coupling of the donor-derived radical with DCA 
anion radical followed by protonation of the formed anion 
(from trace water or the CH3CNTMS cation) then would 
generate the stereoisomeric mixture of adducts. Other 
variations exist for the final steps of this process. For 
example, protonation of the DCA anion radical would 
occur prior to radical coupling. Alternatively, silyl transfer 
to the DCA anion radical rather than acetonitrile is pos- 
sible, generating after coupling a silyl adduct 30, which 
would be expected to undergo rapid hydrolysis of the labile 
Si-C bond by unavoidable or added water present in the 
photolysate. Importantly, all of these mechanistic path- 
ways are consistent with results described above. 

Proton transfer from amine,’ObSc alkylbenzene,loa and 
ether26 cation radicals to arene carbonitrile anion radicals 
are common in SET photochemistry. Indeed, the additions 
of Et20, THF, and EhNMe to DCA reported above serve 
to exemplify reactions in which these processes play a key 
role. Thus, the absence of silicon-containing products in 
reactions of DCA with the silyl donors suggests that proton 
transfer in the radical ion pair 28 (Scheme V) is slow 
compared to desilylation or silyl transfer. This is expected 
on the basis of previous observations made in studies of 
allylsilane,” a-silyl ether,sb and bemyManen SET-induced 
additions to iminium salts. In these cases, cation radical 
pairs 31 undergo exclusive desilylation to provide non- 
silicon-containing adducts. However, ion radicals 32 de- 

1 l 

v -I 

31 32 

(26) 0hashi:M.i Tsugimoto, K.; Funikawa, Y. J. Chem. SOC., Perkin 

(27) Borg, R. M.; Heucheroth, R. 0.; Lan, A. Y. J.; Quillen, S. L.; 
Trans. 1 1979, 1147. 

Mariano, P. S. J .  Am. Chem. SOC. 1987, 109, 2728. 
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F N  

Hasegawa et al. 

product mixture and the aminoanthracene 8 dominates. 
These observations gain further significance when com- 

pared with those made by Ohashi and his co-~orkers '~  in 
their study of the DCA-EhN photoreaction in acetonitrile. 
These workers report that aminoanthracene 8 is the ex- 
clusive product, formed in high yield by a pathway in- 
volving the intermediacy of anion 34 (Scheme VI), derived 
by protonation of the DCA anion radical followed by 
electron transfer. I5N-1abeling studies were used to support 
the proposal that addition of anion 34 to acetonitrile serves 
to generate 8 via the spiro azirine 35. Formation of am- 
inoanthracene 8 in reactions of DCA with EtzNMe or silyl 
amine 3 could involve similar mechanistic routes. The 
monocyanoanthracene 9 observed in our studies might also 
come from anion 34 by protonation and dehydrocyanation. 

Several factors could be responsible for the differences 
observed between amine vs ether photoreactions with 
DCA. Production of amino- and monocyanoanthracenes 
8 and 9 by the Ohashi mechanism requires two events, 
protonation of the DCA anion radical and SET to hy- 
droanthracenyl radical 34, whose efficiencies might be 
dependent upon the nature of the original n-donor sub- 
strate. For example, if protonation of (or proton transfer 
to) DCA anion radical is competitive with desilylation and 
radical coupling, then the relative efficiencies of the Ohashi 
pathway would be dependent upon the rates of desilylation 
of the n-donor-derived cation radicals. One would expect 
that the desilylation rates would in turn depend inversely 
on the stability of the cation radicals and thus parallel the 
oxidation potentials of the parent ethers and amines. This 
conclusion is consistent with the ESR results of Sakurai3' 
which show qualitatively that the cation radical from 
TMSCH,OMe is much less stable than that arising from 
its thio analogue, TMSCH,SMe. While not included in 
the Sakurai study, the cation radical of silyl amine 3 is 
expected to undergo desilylation a t  an even slower rate. 
Perhaps more significant is the expected variation in the 
rates of SET to radical 33, a process that must involve the 
a-substituted carbon radicals as electron donors (Scheme 
VII). It is known that a-amino radicals have low oxidation 
 potential^.^^ Thus, in comparison to their ether analogues, 
radicals of this type have the potential of participating in 
SET with hydroanthracenyl radical 33. It should be noted 
that Lewislob has proposed a pathway of this type to ra- 
tionalize the lack of adduct formation in the photochem- 
istry of amines with g-~yanophenanthrene~~ and that it is 
possible that the amine adduct 10 arises by bond formation 
in the ion pair 36. 

Production of the methylcyanoanthracene 7 from reac- 
tions of DCA with a-silyl amine 3 and Et,NMe involves 
secondary photoreaction of the initially formed adduct 6. 
A process of this type, probably involving an SET mech- 
anism, has been detected before in Ohashi's study of amine 
photoadditions to d icyanoben~ene .~~~ Thus, the combined 
yields of 6 and 7 reflect the efficiency of adduct formation 

HA 

DCAT - ))$I$ 
33 

/ 
SET R2N-2, 1 

Me, .. - 
- 9  

MeCN -HCN 

CN CN 

35 8 

rived from SET in a-silyl amine-enone systems partition 
between proton-transfer and desilylation pathways de- 
pending on the nature (contact or solvent-separated) of 
the ion pair.Ig Proton transfer in 32 occurs only at  the 
contact ion pair stage. It appears then that deprotonation 
of a-silyl radical cations which also possess a-C-H bonds 
is not an efficient process as compared to desilylation 
unless it is intimately paired with a strongly basic anion 
radicalza or in a strongly basic medium.20 Obviously, in 
reactions of EtzO, THF, and EQNCH, with DCA, depro- 
tonation of intermediate cation radicals occurs since no 
alternative pathway exists. Finally, the combined obser- 
vations suggest that SET-deprotonation or -desilylation 
sequences can serve as the basis for DCA-photosensitized 
routes for a-alkoxy or a-amino radical generation, processes 
that might find synthetic utility in radical addition and 
cyclization chemistry (see below).29 

The photochemistry of the DCA in the presence of silyl 
amine 3 differs dramatically from that observed with the 
analogous ether 1 and thioether 2. In the former process, 
a variety of products are produced. Adducts (6 and 7) 
arising by the sequence outlined in Scheme VI1 are only 
minor constituents of the product mixture, and only in this 
case are the aminoanthracene 8 (the major product) and 
monocyanoanthracene 9 formed. Similar trends are noted 
in products from reaction of DCA with the non-silyl-con- 
taining n-electron donors. In the case of Et,NCH3 pho- 
toaddition, the adduct 6 is a minor component of the 

(28) (a) To our knowledge, the pK, of the hydro-dicyanoanthracenyl 
radical anion has not been measured. In addition, it is difficult to esti- 
mate this value by the Arnold thermochemical method (ref 28b). This 
issue has been addressed by other investigators (ref 28c,d). However, the 
pK,s of conjugate acids of PhCN and 1,4-(CN)2Ph anion radicals are 7 
and SO, respectively (ref 28g). The pK, of the protonated DCA anion 
radical should be lower than this owing to greater delocalization in the 
anion radical. (b) Wayner, D. D. M.; Arnold, D. R. Can. J .  Chem. 1985, 
63, 871. (c) Mattes, S. C.; Farid, S. J. Am.  Chem. SOC. 1986, 108, 7356. 
(d) Lewis, F. D.; Petisce, J. R. Tetrahedron 1986,42,6207. (e) The pK, 
values for enone anion radicals in aqueous solution are ca. 10 (ref 280. 
(0 Lilie, J.; Henglein, A. Ber. Bunsen-Ges. Phys. Chem. 1969, 73, 170. 
Hayon, E.; Ibata, T.; Lichtin, N. N.; Simic, M. J. Phys. Chem. 1972, 76, 
2072. (g) Robinson, E. A.; Schulte-Frohlinde, H. J. Chem. SOC., Faraday 
Trans. 1 1973, 1, 707. However: Schested, K. Ibid. 1976,3, 1211. 

(29) Giese, B. Radicals in Organic Synthesis Formation of Carbon- 
Carbon Bonds; Baldwin, J. E., Organic Chemistry Series; Pergamon: 
Oxford, 1986; Vol. 5 .  

(30) Ohashi (ref 14) observed that 8 was produced only in aqueous 
MeCN solutions. This is not a requirement for 8 formation in the 
DCA-amine 3 or Et,NMe systems. In addition, the Ohashi H20 effect 
is unusual since one would have expected to observe more 9 as [H,O] 
increases. 

(31) Kira, M.; Nakazawa, H.; Sakurai, H. Chem. Lett. 1986, 497. 
(32) (a) Wayner, D. D. M.; McPhee, D. J.; Griller, D. J. Am. Chem. 

SOC. 1988,110,132. (b) Griller, D.; Loeaing, F. P. J. Am. Chem. SOC. 1981, 
103, 1586. ( c )  Buskey, J. J.; Castelhano, A. L.; Griller, D.; Lossing, F. P. 
Ibid. 1983, 105, 4701. 

(33) (a) Of some importance related to this question are Ohashi's 
observations that EhN gives adducts with dicyanobenzenes. Here SET 
from the a-amino radical to the hydrobenzenyl radical might be slow 
owing to the expected lower EllP (-) of the latter substance (ref 33b). (b) 
Ohashi, M.; Miyake, K.; Tsuijimoto, K. Bull. Chem. SOC. Jpn. 1980,53, 
1683. 
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arising by coupling of a DCA-derived radical to  the a-am- 
ino radical, EtzNCHz in these processes. 

T h e  low efficiency of adduct formation in the  DCA 
a-silyl amine 3 photoreaction might also be due to  a low 
rate for coupling of the  a-amino radical, Et2NCH2, to  a 
DCA-derived radical. Steric (Et2N vs Et0 or EtS)  or 
electronic (N-C a more electron rich radical than 0-C or 
0-S) effects might play a role in this regard. 

In  order to determine whether long-lived EtzNCH2 
radicals serve as intermediates, we conducted photoad- 
dition of DCA with silyl amine 3 in the  presence of two 
a,P-unsaturated ketones, 19 and 20, as trapping agents. 
We anticipated tha t  the radical EtzNCHz, generated by 
sequential SET-desilylation, would be reactive with 
electron-deficient olefins owing to its high-energy SOMO.% 
Termination of the  reaction pathway leading to  adduct 
formation could involve H-atom abstraction or sequential 
SET-proton transfer routes. In both reactions, silicon- and 
non-silicon-containing adducts (21, 22 and 23, 24 respec- 
tively) are produced in ratios tha t  are a function of enone 
concentration. T h e  enone-concentration effect is easily 
interpreted on the basis of the fact that under the reaction 
conditions (uranium filter) enones 19 and 20 are compe- 
titively absorbing light. Attempts to  avoid this are frus- 
trated by the low solubility of DCA. Furthermore, amine 
3 is knownlg to  undergo photoaddition to enones 19 and 
20 t o  produce 21-24 in which the  silicon-containing ad- 
ducts predominant (ca. 8:l). Thus,  the  product mixtures 
at  [enone] = 0 more reflect results of DCA-sensitized 
routes. The  fact that  these mixtures are comprised mainly 
of non-silicon-containing adducts 23 and 2421 supports the 
conclusion drawn earlier t ha t  the  radical cation derived 
from 3 undergoes preferential desilylation rather than  
deprotonation. 

These results suggest tha t  a-amino radicals formed by 
SET-sensitized methods undergo conjugate addition to the 
cyclohexenones, providing ultimately the  addition prod- 
u c t ~ . ~ ~  This  methodology should be useful in the  design 
of novel radical addition and cyclization processes and thus 
is being explored more thoroughly in our continuing efforts 
in this area. 

Experimental Section 
General Procedures. lH and 13C NMR spectra were recorded 

by using a Bruker WP-200 or AM-400 spectrometer and CDC1, 
solutions. Chemical shifts are reported in parts per million 
downfield from Me4& as the internal standard. For compounds 
containing Me3Si groupings, CHC1, was used as an internal 
standard. 13C NMR resonances were assigned by use of the 
INEPT technique to determine numbers of attached hydrogens. 
IR spectra were recorded on a Perkin-Elmer 283 spectrometer. 
UV spectra were obtained on a Perkin-Elmer Lambda-5 spec- 
trometer. A Perkin-Elmer MPF-44B fluorescence spectrometer 
equipped with a DCSU-1 correction unit was employed for 
fluorescence measurements. Mass spectra were recorded by using 

(34) Giese, B. Angew. Chem., Int.  Ed. Engl. 1983,22, 753. 
(35) (a) Other examples of photoinduced, conjugate additions of rad- 

icals to enones have been described (ref 35b). (b) Benko, Z.; Fraser-Reid, 
B.; Mariano, P. S.; Beckwith, A. L. J. J .  Org. Chem. 1988, 53, 2066. 
Porter, N. A.; Magnin, D. R.; Wright, B. T. J. Am. Chem. SOC. 1986,108, 
2181. 
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a Hitachi RMU-6E (low resolution) or a Kratos M50 (high res- 
olution, Penn State Mass Spec Facility) instrument. Elemental 
analysis was performed by Dr. H. Kassler at the University of 
Maryland. Melting points were recorded by use of a Griffin 
Mel-Temp apparatus and are reported uncorrected. Analytical 
GLC (10% OV-101 packed, 6 f t  X in. column) was performed 
with a Varian-940 (FID) chromatograph. Preparative TLC was 
conducted by using 20 X 20 cm plates coated with Merck-EM type 
60, GF-254 silica gel. Flash chromatography was performed with 
Merck-EM type 60 (230-400 mesh) silica gel. Drying of inorganic 
layers obtained following workup of reaction mixtures was per- 
formed with anhydrous Na2S04. 

Preparative photochemical reactions were conducted by using 
an apparatus consisting of a 450- W Hanovia medium-pressure 
lamp (Ace) surrounded by a glass filter (for wavelength band 
selection) and within a quartz water-cooled well which was im- 
mersed in the photolysis solution. The photolysis solution was 
purged with N2 both before and during irradiation. 

9,lO-Dicyanoanthracene was purchased from Eastman Kodak 
and recrystallized (CHCl,) prior to use. The a-silyl ether 112 and 
a-silyl thioether 213 were prepared by the reported methods. 
Diethylmethylamine, triethylamine, and morpholine were pur- 
chased (Aldrich) and distilled prior to use. MeCN employed in 
the photoreactions was spectrograde (Baker) and used without 
further purification. 
N-[(Trimethylsilyl)methyl]-N,N-diethylamine (3). A 

solution of diethylamine (117 mL, 1.1 mol) and (iodomethy1)- 
trimethylsilane (24.0 g, 0.1 mol) in 50 mL of anhydrous MeOH 
was stirred at reflux for 20 h, cooled, and diluted with 500 mL 
of pentane and 100 mL of 5% aqueous K2C0,. The separated 
pentane layer was washed with water, dried, and concentrated 
by fractional distillation. The residue was distilled to yield the 
derived amine 3 (14.6 g, 83%, bp 146-148 OC): 'H NMR 0.23 (s, 
9 H), 1.13 (t, 6 H), 2.04 (s, 2 H), 2.57 (q,4 H); '% NMR 1.3 (Me3Si), 
11.5 (NCH2CH3), 44.7 (SiCH2N), 50.2 (NCH,); high-resolution 
mass spectrum, m / e  159.1643 (C8H2,NSi requires 159.1643). 

Fluorescence Quenching. Quenching of 9,lO-dicyano- 
anthracene fluorescence was carried out on solutions (4.38 X 
M) in MeCN at 20 "C with excitation at 398 f 2 nm. Fluorescence 
intensities were measured at five or more quencher concentrations. 
Slopes of Stern-Volmer plots were determined by least-squares 
techniques, and quenching rate constants were calculated on the 
basis of the known" singlet lifetime of 9,lO-dicyanoanthracene. 

Photoadditions to 9,lO-Dicyanoanthracene. Nitrogen- 
purged solutions of 9,lO-dicyanoanthracene (152 mg, 0.66 mmol) 
in 180 mL of MeCN containing the following substrates were 
irradiated with flint glass filtered light (A >290 nm) for the time 
periods given below: the a-silyl ether 1 (397 mg, 2.99 mmol), the 
a-silyl thioether 2 (439 mg, 2.96 mmol), the a-silyl amine 3 (476 
mg, 2.99 mmol), diethylmethylamine (20 mL, 0.17 mol), diethyl 
ether (50 mL, 0.48 mol), and THF (30 mL, 0.37 mol). The 
photolysates were then filtered to remove the unreacted an- 
thracene. The filtrates were diluted with CHCl,, washed with 
saturated aqueous NaHCO, and water, dried, and concentrated 
in vacuo. The residues were subjected to either TLC or column 
chromatographic separations using the given solvent systems to 
give the products described below. 

Silylmethyl ether 1 (10-h irradiation time, 5:3 CHC1,-hexane 
solvent for TLC) gave the adduct 4 (39%) and recovered 9,lO- 
dicyanoanthracene (56%). Silylmethyl thioether 2 (10 h; TLC, 
5:3 CHC13-hexane) gave adduct 5 (58%) and the recovered an- 
thracene (36%). Silylmethylamine 3 (10 h; TLC, 28:l CHC1,- 
EtOAc) gave adduct 6 (lo%), 9-cyano-10-aminoanthracene (8)14 
(15%), and a mixture of 9-cyano-10-methylanthracene (7)15 (2%), 
9-cyanoanthracene (9) (2%), and recovered dicyanoanthracene 
(50%). Diethylmethylamine (24 h; silica gel flash chromatography, 
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CHCl,) gave adduct 6 (2%) and products 715 (3%), 9 (l%), and 
8 (35%) along with recovered dicyanoanthracene (15%). Diethyl 
ether (45 h; silica gel flash chromatography, 1:l CHCl,-hexane) 
gave adduct 11 (86%) and recovered dicyanoanthracene (8%). 
THF (24 h; silica gel flash chromatography, 5:2 CHC13-hexane) 
gave adduct 12 (86%) and recovered dicyanoanthracene (14%). 

Spectroscopic data for 6 'H NMR 1.05 (t, 6 H, J = 7 Hz), 2.59 
(q,4 H, J = 7 Hz), 4.50 (5 ,  2 H), 7.58 (m, 2 H), 7.68 (m, 2 H), 8.43 
(m, 2 H), 8.64 (m, 2 H); 13C NMR 11.8 (CH,), 46.7 (CH2Me), 50.3 
(CHzNEh), 105.9 (C-9), 117.5 (CN), 125.8,126.0,126.2,128.3, 130.6, 
132.8,138.8; IR (CHCl3) 2970,2880,2800,2222,1445,1390,1360, 
1290,1180,1120,1070,650,640,610 cm-'; W (CH3CN) A, (nm) 
351 (sh, t 3750), 369 (7310), 389 (9360), 409 (7920); mass spectrum, 
m / e  (relative intensity) 288 (M', 24), 273 (6), 259 (2), 216 (100), 
202 (2), 86 (lo), 72 (17); high-resolution mass spectrum, m / e  
288.1624 (CzoHzoNz requires 288.1626). 

Generation of Anthrones 14-17. A benzene (6 mL) solution 
of photoadduct 4 (75 mg, 0.26 mmol) and morpholine (0.22 mL, 
0.25 mmol) was stirred at  75 "C for 24 h. Concentration of the 
solution in vacuo gave a residue, which was dissolved in CHClp 
This solution was washed with saturated aqueous NaHC0, and 
water, dried, and concentrated in vacuo, giving a residue, which 
was subjected to TLC separation (CHCI,), yielding 44 mg (61%) 
of the anthrone 15 (mp, 121-122 "C, hexane) and 13 mg (22%) 
of 9,10-dicyanoanthracene. Spectroscopic data for 15 'H NMR 
0.96 (t, 3 H, J = 7 Hz), 3.21 (4, 2 H, J = 7 Hz), 3.67 (s, 2 H), 7.58 
(m, 2 H), 7.72 (m, 2 H), 7.92 (m, 2 H), 8.31 (m, 2 H); 13C NMR 
14.5 (CH,), 47.0 (C-IO), 68.0 (CHzMe), 81.2 (CH20Et), 120.0 (CN), 

2980,2860,2240,1670,1600,1460,1320,1110,930,690 cm-'; UV 
(CH,CN) A,, (nm) 268 (t 17000), 345 (87), 360 (sh, 76), 376 (33); 
mass spectrum, m / e  (relative intensity) 277 (M', 5 ) ,  247 (6), 219 
(73), 218 (45), 190 (46), 59 (loo), 31 (44). 

Anal. Calcd for Cl8HlSNOZ: C, 77.96; H, 5.45; N, 5.05. Found: 
C, 78.12; H, 5.33; N, 4.96. 

A benzene (12 mL) solution of adduct 5 (140 mg, 0.46 mmol) 
and morpholine (0.44 mL, 0.51 mmol) was stirred at  reflux for 
45 h. Workup and purification by the procedure outlined above 
gave 28 mg (21%) of anthrone 14 (mp, 109.5-110 "C, hexane) and 
63 mg (60%) of 9,lO-dicyanoanthracene. Spectroscopic data for 
14: 'H NMR 0.83 (t, 3 H, J = 7 Hz), 1.62 (9, 2 H, J = 7 Hz), 3.28 
(s, 2 H), 7.59 (m, 2 H), 7.71 (m, 2 H), 7.91 (m, 2 H), 8.35 (m, 2 
H); 13C NMR 14.2 (CH,), 27.8 (CHzMe), 46.2 (C-lo), 51.6 
(CHaEt), 120.7 (CN), 127.2, 127.7, 129.3, 131.9, 133.5, 137.7,182.1 
(C===O); IR (CHCl,) 2960,2920,2240,1675,1600,1460,1320,1290, 
930,680 cm-'; UV (CH,CN) A, (nm) 266 (t 15600), 358 (sh, 82); 
mass spectrum, m / e  (relative intensity) 293 (M', 2), 218 (4), 75 
(loo), 47 (29). 

Anal. Calcd for C18H15NOS: C, 73.69; H, 5.15; N, 4.77. Found: 
C, 73.38; H, 5.08; N, 4.68. 

An acetonitrile (8 mL) solution of adduct 11 (120 mg, 0.40 
mmol) and Et3N (2 mL, 14.3 mmol) was stirred at  20 "C for 40 
h. Workup as described above followed by column chromatog- 
raphy on silica gel (CHC1,-hexane) afforded 76 mg (66%) of 
anthrone 16 (mp, 116.5-117.5 "C, DME-hexane) and 9 mg (10%) 
of 9,lO-dicyanoanthracene. Spectroscopic data for 16: 'H NMR 
0.93 (m, 6 H, CH,), 2.96 (m, 1 H), 3.28 (m, 1 H), 3.69 (q, 1 H, J 
= 6 Hz, 7.57 (m, 2 H), 7.69 (m, 2 H), 7.87 (m, 1 H), 7.97 (m, 1 
H), 8.27 (m, 2 H); 13C NMR 14.8 (CH,), 15.9 (CH,), 51.3 (C-lo), 
66.9 (CHzMe), 83.9 (CHOEt), 120.3 (CN), 127.1, 127.5,128.1,128.2, 
128.9, 129.0, 132.3, 132.5, 132.7, 132.9, 136.7, 183.0 (C=O); IR 
(CHCI,) 2970,2880,2240,1660,1600,1450,1380,1310,1300,1260, 
1100,930,690 cm-'; UV (CH,CN) A,, (nm) 269 (c  15500), 346 

127.8, 128.0, 129.2, 131.2, 133.4, 136.9, 182.4 (C=O); IR (CHC13) 
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(104), 358 (sh, 93), 376 (40); mass spectrum, m / e  (relative intensity) 
291 (M', 0.03), 246 (2), 219 (69), 218 (19), 190 (33,  73 (79), 45 
(100); high-resolution mass spectrum, m / e  291.1263 (C19H12N0z 
requires 291.1260). 

An acetonitrile (8 mL) solution of adduct 12 (110 mg, 0.37 
mmol) and Et,N (2 mL, 14.3 mmol) was stirred at  20 "C for 40 
h. The reaction mixture was subjected to the workup procedure 
described above. Purification by silica gel column chromatography 
(CHC1,-hexane) gave 85 mg (80%) of anthrone 17 (mp 112.5-113 
"C, DME-hexane) and 5 mg (6%) of 9,lO-dicyanoanthracene. 
Spectroscopic data for 17: 'H NMR 1.07 (m, 1 H), 1.57 (m, 3 H), 
3.43 (m, 1 H), 3.64 (m, 1 H), 4.25 (m, 1 H), 7.58 (m, 2 H), 7.70 
(m, 2 H), 7.96 (m, 2 H), 8.28 (m, 2 H); 13C NMR 25.2 (P-THF), 

128.0, 128.2, 129.1, 131.8, 132.2, 133.1, 136.2, 136.3, 182.8 (c=o); 
1060,930,690 cm-'; UV (CH,CN) A,, (nm) 268 (c 15500), 346 
(101), 358 (sh, 91), 376 (39); mass spectrum, m/e (relative intensity) 
289 (M+, O.l) ,  2.19 (75), 218 (E), 190 (30), 71 (loo), 43 (53); 
high-resolution mass spectrum, m / e  289.1102 (C19H15NOz requires 
289.1103). 

Formation of Anthracene 13 by Dehydrocyanation of 5. 
A nitrogen-purged 14% aqueous CH3CN (14 mL) solution of 
adduct 5 (154 mg, 0.51 mmol) and 350 mg (0.25 mol) of K2CO3 
was stirred at 20 "C for 6 h and then filtered to give 122 mg (87%) 
of the crystalline anthracene 13 (mp, 174.5-175.5 "C, CH,CN). 
Spectroscopic data for 13: 'H NMR 1.35 (t, 3 H, J = 7 Hz), 2.70 
(9, 2 H, J = 7 Hz), 4.73 (s, 2 H), 7.67 (m, 4 H), 8.42 (m, 4 H); 13C 
NMR 14.7 (CH,), 27.5 (CH2Me), 28.6 (CH2SEt), 106.1 (C-9), 117.2 

2970, 2920, 2210, 1620, 1560, 1445, 1370, 1285, 1265, 1170, 630 
cm-'; UV (CH,CN) A,, (nm) 413 (c 11 200), 392 (12 800), 371 
(9820), 352 (sh, 4750); mass spectrum, m / e  (relative intensity) 
277 (M', 68), 216 (100); high-resolution mass spectrum, m / e  
277.0930 (C18H15NS requires 277.0925). 

Photoconversion of Adduct 6 to  Adduct 7. Acetonitrile 
solutions (6 mL) of adduct 6 (6 mg, 0.02 mmol) with and without 
the a-silyl amine 3 (25 mg, 0.15 mmol) were simultaneously ir- 
radiated with flint glass filtered light for 2 h. The photolyshtes 
were concentrated in vacuo, and the residue obtained was analyzed 
by 'H NMR. Conversion of 6 to 7 was 100% when irradiation 
was conducted in the presence of amine 3 and 35% from irra- 
diation in the absence of 3. 

Deuterium Labeling Experiments. Acetonitrile (6 mL) 
solutions of 9,lO-dicyanoanthracene (15 mg, 0.07 mmol), and the 
a-silyl thioether 2 (57 mg, 0.38 mmol) containing either D2O (0.2 
mL) or H20 (0.2 mL) were irradiated with uranium glass filtered 
light (A >320 nm) for 10 h. The photolysates were filtered to 
remove unreacted 9,lO-dicyanoanthracene. To the filtrates were 
added 0.2 mL of H20 (for the DzO-CH3CN reaction) or 0.2 mL 
of D20 (for the H2QCH3CN reaction). The solutions were allowed 
to stand for 10 h and extracted with CHC1,. The CHC1, extracts 
were dried and concentrated in vacuo, giving residues, which were 
analyzed by 'H NMR (resonances at 5.26 and 5.46 ppm for H-10 
integrated relative to CH2S resonances). The percent mono- 
deuterium incorporation at C-10 in the adduct 5 was determined 
to be 44% for the Dz0-CH3CN reaction followed by H20 addition 
and 13% for the HzOCH3CN reaction followed by DzO addition. 
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