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ABSTRACT

The [4 + 2] cycloaddition products between thiobenzophenone (1) and arylalkenes (2) were obtained in the presence of (thia)pyrylium salts
(sensitizer = 3 or 4) as electron transfer photosensitizers. Although both radical cations 1 *+and 2*" are generated, only the former is involved
in the process.

Although the Diels-Alder (DA) reaction was discovered cycles® Azadienes have been by far the most frequently used
more than 80 years ago, it still remains one of the most synthons for this purpose; however, a number of DA
powerful tools in synthetic organic chemistry; its mechanism processes with thiadienes have also been repb6rted.

has also attracted considerable interest from a theoretical |n this context, it was of interest to explore the feasibility

point of view! The electron transfer (ET)-mediated DA  of electron-transfer-mediated f4 2] cycloaddition reactions
reaction, where the diene or the dlenophlle units are in the between thiadienes and alkenes, a poss|b|||ty that has not
radical cationic form, has also been intensively investigated. peen investigated to date. In order to test this concept,
Likewise, substantial attentio_n has .been pald to hetero- thiobenzophenone (1) and ary|a|kenes (2) were chosen as
DA processes for the synthesis of six-membered hetero-reaction partners and (thia)pyrylium saBsand 4 as ET
O n Nadom e Coraon photosensitizer($).Here, the thiadiene system would be
niversiaal acional ae Coraoba. : H
* Universidad Politécnica de Valencia. defined by the thiocarbonyl group and_ one gf the double
(1) (a) Fringuelli, F.; Taticchi, AThe Diels-Alder ReactionJohn Wiley bonds of the phenyl groups. Following this approach,

& Sons: Chichester, U.K., 2002. (b) Nicolaou, K. C.; Snyder, S. C; i iQi
Montagnon, T.; Vassilikogiannakis, Gingew. Chem., Int. E®002,41, formation of new phOtODrOdUCtS arising from [4 2]

1668—1698. (c) Takao, K., Munakata, R.. Tadano,Gem. Res2005, cycloaddition has been achieved in moderate to high yields.

(1)05, é7h?9—;1§8; é;i) gg%ettgézl‘é-; MachhariLd-%ryn:e(rjt,,J-; JPegt}Ier,t BD- The scope of this reaction was investigated at a preliminary
rg. Chem. ,67, - . (e) Berski, S.; Andrés, J.; Silvi, B.; . . .

Doﬁ’mngo, L. R.J. Phys. Chem. /200(6,)110, 1393913947 stage by using different types of 4-substitufgdaethylsty-

(2) (@) Yueh, W.; Bauld, N. LJ. Phys. Org. Chen1996,9, 529—538. renes with either electron-withdrawing or electron-releasing
(b) Fukuzumi, S.; Ohkubo, K.; Okamoto, J. Am. Chem. So002,124,
14147-14155. (c) Saettel, N. J.; Wiest, O.; Singleton, D. A.; Meyer, M. P.
J. Am. Chem. So2002,124, 11552—11559. (d) Fukuzumi, S.; Okamoto, (3) (a) Boger, D. L.; Weinreb, S. Mdetero Diels—Alder Methodology
T.; Ohkubo, K.J. Phys. Chem. 003,107, 5412—5418. (e) Firmeier, S.;  in Organic Synthesis; Academic Press: San Diego, CA, 1987. (b) Tietze,
Metzger, J. OJ. Am. Chem. So2004,126, 14485—14492. (f) Gomez- L. F.; Kettschau, G. Hetero Diels-Alder reactions in organic chemistry. In
Bengoa, E.; Helm, M. D.; Plant, A.; Harrity, J. P. &. Am. Chem. Soc. Topics in Current Chemistr§89 (Stereoselective Heterocyclic Synthesis
2007,129, 2691—2699. 1); Metz, P., Ed.; Springer: Berlin, 1997; pp-120.
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groups. Moreover, laser flash photolysis (LFP) has been
employed for elucidation of the reaction mechanism.

with a nearly complete consumption D{Table 1, entry 1).
Shorter irradiation time and lower concentration 2d

In the absence of an ET photosensitizer, the photoreactionresulted in improved mass balance and product yields (Table
between thiobenzophenone and alkenes is known to give [21, entry 2). Pyrylium sal was found to be less efficient;

+ 2] Paterno—Blchi cycloadducts (thietan&sphis was
confirmed by means of a control experiment, in which
irradiation of a mixture ofl and 2b in the absence of
photosensitizer led to 3-(4-methoxyphenyl)-4-methyl-2,2-
diphenylthietane in low yield as the only identifiable pho-
toproduct (see Supporting Information). By contrast, new

even after 1 h of irradiation, the conversion bfwvas not
complete, and the total yield of both diastereomers dropped
to 72% (Table 1, entry 3). In view of these results, the
superior thiapyrylium salt3 was used for all the other
preparative experiments.

photoproduct$ and5’ were obtained in the present work _

upon photosensitization with sal8sand4 (Scheme 1).
The resulting diastereomeric mixtures were separated by
high performance liquid chromatography (HPLC). The

structural assignment of the isolated diastereomers was based

on their'H NMR and ®C NMR spectra, using NOESY
experiments to establish the relative stereochemistry of the
chiral centers. In this context, the interaction between H at
position 1 (singlet ad = 5.2—5.4 ppm) and the methyl group
(doublet atdo = 1.1—1.2 ppm), which was found Ba—5c
but not in5a’'—5c', was particularly useful for diagnostic
purposes. The data were consistent with the methyl group
at position 3transto the aryl group at position 4, whereas
the two aromatic substituents at positions 1 and 4 could be
cis (5) or trans(5'). In all cases, the diastereomeric ratio
was around 0.9, with a slight excess of thidsomer.

When a mixture ofl and2awas irradiated in the presence
of 3, productsba and5a’ were formed in 90% total yield

(4) (a) Ohno, A.; Koizumi, T.; Ohnishi, YBull. Chem. Soc. Jpri971,
44, 2511-2515. (b) Pradere, J.-P.; Bouet, G.; Quiniou;Tidtrahedron Lett.
1972,13, 3471—3474. (c) Lipkowitz, K. B.; Mundy, B. Pletrahedron

Table 1. Photoinduced Reactions &fwith 4-Substituted
Arylalkenes (2) in the Presence of (Thia)pyrylium SaB#&Ap

product yield?
entry alkene, concn, sens, time conv®? MB¢ 5 5

1 2a,0.1M,3,1h 99 91 43 47
2 2a,0.06 M, 3,0.5h 100 98 46 52
3 2a,0.1M,4,1h 90 82 35¢ 37¢
4 2b,0.1M,3,1h 92 90 37 45
5 2¢,0.06 M, 3,0.5h 100 87 35/ 52f
6 2a,0.06 M, 3,0.25h 77 88 31 34
7 2b, 0.06 M, 3,0.25h 44 88 15 17
8 2¢,0.06 M, 3,0.25h 80 82 30 32
9 2a/2b,0.06 M, 3,0.25 h 41 79

10 2a/2¢,0.06 M, 3,0.25 h 60 81

a21: 0.05 M,3 o0r4: 0.005 M in CHCN under nitrogen atmosphere,
irradiated with a high-pressure mercury lamp at room temperature (effective
irradiation wavelength between 280 and 500 nfralculated with the
recovered. or PhCOPh¢ Mass balance! Determined by GC analysis using
PhSSPh as internal standard, ercd%. ¢ Isolated yields: 29% (5a) and
36% (5a').f Isolated yields.

Lett. 1977, 3417—1920. (d) Karakasa, T.; Motoki,J5.0rg. Chem1978,
43, 4147-4150. (e) Karakasa, T.; Motoki, 3. Org. Chem1979 44, 4151~
4155. (f) Beslin, P.; Lagain, D.; Vialle, J.; Minot, Qetrahedron1981,
37, 3839—3845. (g) Bock, H.; Mohmand, S.; Hirabayashi, T.; Semkow, A.
J. Am. Chem. Socl982, 104, 312—313. (h) Bock, H.; Mohmand, S.;
Hirabayashi, T.; Semkow, AChem. Ber1982,115, 1339-1348. (i) Vedejs,
E.; Eberlein, T. H.; Varie, D. LJ. Am. Chem. Socl982, 104, 1445—
1447. (j) Beslin, PJ. Heterocycl. Cheml983,20, 17531754. (k) Ohmura,
H.; Motoki, S.Bull. Chem. Soc. Jprl984,57, 1131—-1137. (I) Yamabe,
S.; Kawajiri, S.; Minato, T.; Machiguchi, T. Org. Chem1993 58, 1122~
1127. (m) Motoki, S.; Saito, T.; Karakasa, T.; Matsushita, T.; Furund, E.
Chem. Soc., Perkin Trans.1992, 2943—2948. (n) Liao, L.-F.; Tseng, P.-
W.; Chou, C.-H.; Chou, W.-C.; Fang, J.-Meterocycles995,41, 1967—
1977. (o) Saito, T.; Takekawa, K.; Nishimura, J.; KawamuraJMChem.
Soc., Perkin Trans. 1997, 2957-2959. (p) Bachrach, S. M.; Jiang, &.
Chem. Soc., Perkin Trans.1®98, 355—360. (q) Saito, T.; Takekawa, K.;
Takahashi, TChem. Commurl999, 1001—1002. (r) Li, G. M.; Niu, S.;
Segi, M.; Tanaka, K.; Nakajima, T.; Zingaro, R. A.; Reibenspies, J. H.;
Hall, M. B. J. Org. Chem2000, 65, 6601—6612.

(5) Miranda, M. A.; Garcia, HChem. Rev1994,94, 10631—1089.

(6) (a) Breu, J.; Hoecht, P.; Rohr, U.; Schatz, J.; Saudgud. J. Org.
Chem.1998, 2861—2873. (b) Ohno, A.; Ohnishi, Y.; Tsuchihashi,JG.
Am. Chem. Sod 969,91, 5038—5045.
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The presence of an electron donor group adrams-
anethole (2b) was associated with a slight decrease in the
yield of both photoproduct$b and 5b’; besides, longer
irradiation time was required for a good conversion (Table
1, entry 4). In the case of 4-chloteans-3-methylstyrene
(2c), no clear effect was observed (Table 1, entry 5),
indicating that electron-withdrawing groups do not signifi-
cantly affect the reaction. The overall reactivity 24, 2b,
and2c with 1 under oxidative electron transfer conditions,
determined at short irradiation times, followed the orger
> 2a > 2b (Table 1, entries 6€8). This reactivity order
seems contrary to expectations if the reaction is assumed to
occur via the alkene radical cation, suggesting the involve-
ment of thiobenzophenone as donor in the productive electron
transfer pathway.
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In order to better understand the substituent effects, ||| GcTcNGNGNGEE

competitive experiments were performed. Thus, when a

mixture of 1 with 2a and2b was irradiated in the presence 0.10 9+
of 3 (Table 1, entry 9), the ratidb+5b'/5a+5a'was ca.
2.25/1; in other words2b was found to be markedly more 0.08+ /
reactive thar2a toward 1*. On the other hand, a similar 3 triplet / 3
experiment using a mixture df with 2a and2c (Table 1, 5 0.08- . /' \_
entry 10) led to a5c+5c'/5a+5a'ratio of only 0.55/1, = 0.08 / s S N
- - - . T - / A b
showing tha®cis the least reactive of the arylalkenes toward < / /"'\7\_,.5.,.\} ™
1**. Thus, under conditions where the same amount of 0.024 J ./,,,_,/" . \:\,:. h
thiobenzophenone radical cation was generated, the reactivity /t‘:gx(;‘:‘/\}&::: N
order was actually2b > 2a > 2c, as expected from the 0.00. / i AR e aa AT an et
relative nucleophilicity of the arylalkenes. 450 500 550 600 650 700
A/ nm
_ Figure 2. Transient absorption spectra obtained upon LER=(
Table 2. Thermodynamics and Kinetics of the ET Reaction 355 nm) of3 (0.06 mM), in acetonitrile, under argon: in the absence
from the Triplet Excited State & in CHsCN at 20°C of quencher M) and in the presence of: 1 mM @b (@), 1 mM
of 2b and 0.05 mM ofl (a), 0.05 mM of1 (®). Spectra recorded

Q Eox® AGgr® 10710 gt 1 us after the laser pulse.

1 nd nd 2.3

2a 1.7 -10.3 1.6

2b 1.2 —17.2 2.1 most likely excited state involved in the process. Therefore,

2c 17 —17.9 17 in order to gain a better understanding of the reaction

2 QuencherP Oxidation potential given in V, from ref  For ET from mechanism and the role of the photosensitizer, triplet

the excited triplet of3, calculated as in ref 8; given in kcal/méiRate

Scheme 2
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Figure 1. Decay traces of the FT absorption of3 (0.03 mM) ord 5

measured at 460 nm in the presence of increasing amourits of
0 M (black), 0.01 mM (red), 0.02 mM (green), 0.03 mM (blue),
0.04 mM (aqua). Inset: Plot of d/against concentration df to

obtain ky(Ty). quenching of3 by 1 and the alkene derivatives was

investigated by means of laser flash photolysis (LFP).
The results are shown in Table 2. From these data, it
Owing to the high intersystem crossing quantum yield of became clear that triplet quenching occurs at a near diffusion-
3 (Disc = 0.94)5 its lowest-lying triplet appears to be the controlled rate in all cases.
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Figure 1 shows the decay traces obtained for thel T In an attempt to obtain additional experimental support in
absorption of3 in the presence of increasing amountslof  favor of the proposed mechanism, excitation4ofn the
Similar effects were observed for the quenching of excited presence of and2awas performed by LFP (see Supporting
3 by 2a—2c(not shown). Information). A new transient absorption band appeared at

Moreover, the values ok Ger (estimated by means of the 550 nm, corresponding to the pyranyl radical. As this is the
Weller equation, using the known oxidation potentials of the species arising from reduction of the photosensitizer, its

arylalkenes)®indicated that ET from the triplet excited state  detection provides additional support for the ET nature of
of 3would be exergonic for all combinations. After the triplet  the involved process.

quenching of3, no transient species were detected Tor
2a, and2c, probably because these species are not compatiblei .
with the available time and/or wavelength window. By
contrast, in the case @b, the characteristic radical cation
absorption was observed, confirming the ET nature of the
guenching process (Figure 2).

The proposed reaction mechanism for this novel ET ) )
cycloaddition reaction is outlined in Scheme 2. Both the Acknowledgment. This work was supported in part by

radical cations ofl and 2a—2cwould be generated by ET the Spanish Government (Grant CTQ2004-03811 and fel-
from the excited triplet state & or 4 (Scheme 2, reactions  lowships to J.E.A and R.P.-R.).

1 and 2), but onlyi** would be effective. Its addition to the

neutral arylalkene, in a concerted or stepwise fashion, would ~Supporting Information Available: General methods,
give rise to radical catiof"" (Scheme 2, reactions 3 and 4). *H NMR and*3C NMR spectra oba—5¢c, 5a —5¢, and 3-(4-
Back electron transfer (BET) to the pyranyl radical with methoxyphenyl)-4-methyl-2,2-diphenylthietane; transient ab-
recovery of the photosensitizer, followed by [1,3] hydrogen sorption spectrum obtained after LFP of a mixturelo#,
migration, would explain formation of the obtained cycload- and2a, as well as decay traces at 550 and 520 nm. This
ducts (Scheme 2, reaction 5). material is available free of charge via the Internet at
http://pubs.acs.org.

In summary, the present work reports a novel electron-
ansfer-mediated [4 2] cycloaddition between a thiadiene
and a series of arylalkenes, using (thia)pyrylium salts as
photosensitizers. Further mechanistic aspects, scope, and
limitations of this reaction are currently under study.

(7) Yueh, W.; Bauld, N. LJ. Phys. Org. Cheni996,9, 529—538.
(8) Rehm, D.; Weller, Alsr. J. Chem.1970,8, 259—271. OL7014384
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