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plifies the ability of neutral host to complex water via crown ether 
ligands. Furthermore, cis-1 is most likely to form intramolecular 
sandwich-type complexes with particular mono- and dicationic 
species by cooperative action of the two adjacent crown rings. The 
intrinsic chirality of the cis isomer may be of particular importance 
in selective complexation of enantiomeric cationic guests. The 
trans-l isomer, which possesses two crown ether moieties, has the 
possibility of forming dinuclear complexes by placing two cations 
in close proximity. The characterization of such entities and the 

(33) Vogtle, F.; Mailer, W. M.; Watson, W. H. Top. Curr. Chem. 1984, 
125, 131-164. Goldberg, I. In Inclusion Compounds; Atwood, J. L., Davies, 
J. E. D., MacNicol, D. D., Eds.; Academic Press: London, 1984; Vol. 2, 
Chapter 9. Weber, E.; Newkome, G. R.; Fronczek, F. R.; Franken, S. J. 
Indus. Phenom. 1988, 6, 1-7. Bradshaw, J. S.; Huszthy, P.; Koyama, H.; 
Wood, S. G.; Strobel, S. A.; Davidson, R. B.; Izatt, R. M.; Dalley, N. K.; 
Lamb, J. D.; Christensen, J. J. / . Heterocycl. Chem. 1986, 23, 1837-1843. 

design of other ligands based on the disphosphazane ring are 
currently under investigation. 
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Abstract: The photolysis (W light) of acyl derivatives of iV-hydroxy-2-thiopyridone in pyridine-acetic acid permits a study 
of the partitioning of secondary radicals between oxygen, pyridine, and the thione function. Comparison with the Gif™ oxidation 
system for saturated hydrocarbons confirms that radicals are not involved in oxidation at secondary positions. On the contrary, 
radical behavior at the tertiary position in adamantane is again established. The two recently introduced Gif-type systems, 
GoAgg1 and GoAgg11, have been shown to give the same overall selectivity in attack on adamantane with the usual coupling 
of the tertiary radical with pyridine. 

The selective functionalization of saturated hydrocarbons is a 
subject of great topical concern.2 Amongst the many approaches 
to the problem, we have developed several systems that oxidize 
and substitute saturated hydrocarbons with an unusual regiose-
lectivity.3a The system Gif111 consists of Fe0-O2 in pyridine-acetic 
acid; Gif™ is similar, with Zn0-O2-Fen catalyst in the same solvent 
mixture. The Gif-Orsay system36 is the same as Gif!v, but the 
Zn0 is replaced by the cathode of an electrochemical cell. These 
systems attack saturated hydrocarbons in the order secondary > 
tertiary > primary. This contrasts with the normal order of radical 
attack, such as is seen with P450 porphyrin models,4'5 of tertiary 
> secondary > primary. It is quite unlike the selectivity seen in 
cobalt catalyzed autoxidation reactions.6 In addition, ketones 
are the principal reaction product, not secondary alcohols as in 
other oxidation systems.2'7 

When the reaction is run in the presence of a large excess of 
hydrocarbon to a conversion of 10-15%, the yield of ketone is 
nearly quantitative. In the Gif-Orsay system,3b,s the Coulombic 
yield is high (about 50% for cyclohexane). The electrochemical 
system does not involve the reduction of pyridine as does the 
GifIV(Zn°) procedure. Recent work9 has shown that FeCl2-KO2 

(GoAgg1) or FeCl3-H2O2 (GoAgg") give the same selectivity as 
the earlier Gif and Gif-Orsay systems in the same solvent mixture. 
Hence, the reduction of pyridine has nothing to do with the 
mechanism of the oxidation. However, pyridine is an essential 
ligand, and acetic acid (or other acid) has to be present to buffer 
the system. 

•Address correspondence to this author at Texas A&M University. 
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We have expended much effort on trying to establish the 
mechanism of this unusual oxidation process. An early obser-

(1) Universite de Paris-Sud. For part 13 see: Barton, D. H. R.; Boivin, 
J.; Lelandais, P. J. Chem. Soc, Perkin Trans. 1 1989, 463. 
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Publishing: Dordrecht, 1984. Sheldon, R. A.; Kochi, J. K. Metal-Catalysed 
Oxidation of Organic Compounds; Academic Press: New York, 1981. 
McMurry, T. J.; Groves, J. T. In Cytochrome P1511: Structure, Mechanism 
and Biochemistry; Ortez de Montellano, P., Ed.; Plenum Press: New York, 
1985; Chapter 1. Meunier, B. Bull. Soc. Chim. Fr. 1986, 578. Mansuy, D. 
Pure Appl. Chem. 1987, 59, 759. 
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W. B.; Ozbalik, N.; Schwartzentruber, K. M.; Jankowski, K. Nouv. J. Chim. 
1986, 10, 387. (b) Balavoine, G.; Barton, D. H. R.; Boivin, J.; Gref, A.; Le 
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vation3a of mechanistic significance concerned the hydrocarbon 
adamantane (1). Defining C2 as the total of the products oxidized 

at the secondary position and C3 similarly for the tertiary position, 
the ratio of C2/C3, if all hydrogens were equally reactive, would 
be 3. In fact, in radical reactions, the tertiary position should be 
more reactive. For alkoxide radical attack, a reliable C2/C3 of 
0.15 has recently been established.10 The same number has also 
been found for the oxidation of adamantane in acetone solution 
by ruthenium ferr-butyl hydroperoxide. This is also regarded as 
a alkoxide radical reaction.11 Groves,4 using a porphyrin derivative 
as catalyst, found a number of less than 0.15. A number of 
reactions involving terf-butoxide radical attack12 on adamantane 
with subsequent carbon-carbon bond formation gave no significant 
attack on the secondary positions of the hydrocarbon or of its 
di-rerr-methyl derivative. It is clear then that oxygen radical attack 
on the tertiary position of adamantane is a highly favored process. 
Noteworthy is a recent, thorough study of the substitution reactions 
of adamantane using tetraarylmetalloporphyrins.13 The highest 
C2/C3 seen was 0.25, and the majority of the data gave numbers 
much less. The reactivity of the tertiary position in adamantane 
toward radical-type reagents in a range of solvents is thus con
firmed. 

In the GifIV system under atmospheric pressure, C2/C3 numbers 
of 10-20 are easily secured. Thus, the reaction appears to be 
highly selective for attack on the secondary position.3 

However, the presence of rerf-adamantyl radicals can be dem
onstrated. As the oxygen pressure is lowered, the reaction becomes 
apparently more and more selective and C2/C3 can be 100 or more. 
Inspection of the pyridine bases at the end of the reaction showed 
coupled products involving only the tertiary position of ada
mantane. Taking into account the pyridine derivatives gives a 
C2/C3 of about 1.15, which is invariant over a wide oxygen 
pressure range. This can only be true if an intermediate is formed 
at the tertiary position, which reacts competitively with oxygen 
and pyridine. Such an intermediate is accepted in all our pub
lications as a tertiary radical. The ratio of C2/C3 of 1.15 is still 
far from that found for alkoxide radical attack.10"13 For the two 
reactions (i) R<* + O 2 - * R'OO* and (ii) R" + O 2 - ^ R8OO*, 
where R'' is the tertiary radical and Rs* the hypothetical secondary 
radical, the ratio of the oxidation products cannot change with 
oxygen pressure. Clearly then, if oxidation at the tertiary position 
involves radicals, that at the secondary position must have a 
different mechanism. 

Our first working hypothesis3 was that an iron-oxenoid species 
was formed, which reacted with the C-H bond to give an iron-
carbon bond with the structure HO-Fe-C. For the tertiary 
position, the iron-carbon bond broke down to give radicals,14 

whereas at the secondary position, it evolved into an iron carbene, 

(10) Fossey, J.; Lefort, D.; Massoudi, M.; Nedelec, J.-Y.; Sorba, J. Can. 
J. Chem. 1985, 63, 678. 

(11) Lau, T.-C; Che, C-M.; Lee, W.-O.; Poon, C-K. J. Chem. Soc, 
Chem. Commun. 1988, 1406. 

(12) Fukuniski, K.; Tabushi, I. Synthesis 1988, 826. 
(13) Brown, R. B.; Hill, C. L. /. Org. Chem. 1988, S3, 5762. 
(14) Cf.: Bower, B. K.; Tennent, H. G. J. Am. Chem. Soc. 1972, 94, 2512. 
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Table I. Photolysis of 7a in Pyridine-Acetic Acid Solution"'* 

products, % 
entry 

1 
2 
3 
4 
5 

O2, % 

O 
3 
6 

10 
21 

8a 

52 
55 
39 
16 
15 

4 

24 
16 
7.5 
4.5 

<0.5 

5 

12 
12 
5.9 
4.5 

<0.5 

6a 

9.9 
9.1 
8.6 

13 
9.4 

10 

O 
<0.5 
10 
15 
15 

11 

O 

5.9 
22 
23 

12 

O 
12 
31 
31 
38 

total 

98 
104 
108 
102 
100 

0A solution of 7a (1.0 mmol) in 8.0 mL of pyridine was added 
slowly with a syringe pump protected from light into a degassed pyri
dine (20-mL)-AcOH (2.3-mL) mixture, in the course of 6 h. The re
action vessel was a round-bottom flask (total volume = 300 mL) sur
rounded with a water jacket. It was initially filled up with N2/02 
mixture (by injection of a known volume of O2 into pure N2) and 
placed 25 cm from the light sources (two 300-W tungsten lamps). The 
photolysis was performed at 12 0C (temperature of circulating water) 
during 6 h. 'See Table VIII for analysis of the reaction mixture. 

Fe=C, which on cleavage with oxygen or superoxide would give 
a ketone. The unusual substitution pattern was then a compromise 
between carbon-hydrogen bond strength (tertiary < secondary 
< primary) and the steric bulk of the reagent seeking to impose 
the opposite order (primary < secondary < tertiary). 

Could there be a fallacy in our argument? We have thought 
of two. Originally, we assumed that, if pyridine were bonded to 
the secondary position in adamantane, the product would not be 
oxidized further to ketone. At pH 6 in the pyridine-acetic acid 
medium, this seemed very probable. We had already prepared 
the tertiary-coupled pyridines 2 and 3 and identified them amongst 
the reaction products (see above).3 The secondary-coupled pyr
idines 4 and 5 were readily prepared from the wc-carboxylic acid15 

6 using our radical-generating system based on /V-hydroxy-2-
thiopyridone.16 This method also provided improved syntheses 
of the tertiary derivatives 2 and 3. 

The secondary-coupled pyridines 4 and 5 were not oxidized (no 
ketone formed) under GifIV conditions and were recovered un
changed (~80%). We also prepared 2-pyridylcyclohexane using 
the same radical chemistry based on cyclohexanecarboxylic acid. 
Again, no cyclohexanone was formed on GifIV oxidation. 

The second fallacy was that tert- and .yec-pyridyladamantanes 
might be inseparable on GC analysis. With the four compounds 
2-5 now readily available, it was easy to demonstrate that they 
were separable by GC. Indeed, the addition of 4 and 5 to a GifIV 

system that was oxidizing adamantane in the usual way left 4 and 
5 unchanged and produced 2 and 3 in normal amounts. 

The development of the radical-generating system based on the 
acyl derivatives of thiohydroxamic acids16 permits a thorough study 
of the competition between oxygen and pyridine for the tert- and 

(15) Farcasius, D. Synthesis 1972, 615. 
(16) Barton, D. H. R.; Crich, D.; Motherwell, W. B. J. Chem. Soc, Chem. 

Commun. 1983, 939. Idem. Tetrahedron 1985, 41, 3901. Barton, D. H. R.; 
Zard, S. Z. Pure Appl. Chem. 1986, S8, 675. Crich, D. Aldrichim. Acta 1987, 
20, 35. 



7146 / . Am. Chem. Soc, Vol. Ill, No. 18, 1989 Barton et al. 

Table II. Photolysis of 7b in Pyridine-Acetic Acid Solution0'6 

entry 

1 
2 
3 
4 
5 

O2, % 

O 
2.5 
5 

21 
100 

8b 

14 
15 
15 
8.8 
6.0 

2 

32 
31 
24 

7.7 
0 

products, % 

3 

28 
27 
20 
6.5 
0 

6b 

12 
11 
10 
6.9 
8.0 

13+ 14 

0.1 
1.5 

18 
51 
63 

total 

86 
86 
87 
81 
78 

0A solution of 7b (1.0 mmol) in pyridine (28 mL)-AcOH (2.3 mL) 
was photolyzed for 2 h at room temperature under a flow of N2/air 
mixture of known composition. Photolysis was carried out with two 
tungsten lamps (300 W) situated 25 cm from the reaction vessel. 'See 
Table VIII for analysis of the reaction mixture. 

Table III. Photolysis of 7c in Pyridine-Acetic Acid Solution" 

entry 

I4 

T 
y 

O2, % 

0 
4 

21 

8c 

34 
40 
17 

15a 

33 
10 

<0.5 

16a 

22 
7.9 

<0.5 

products, % 

6c 17 18 

12 0 0 
9.3 12 2.3 

11 39 6 

19 

0 
N D ' 
N D ' 

total 

101 
81 
73 

"See Table VIII for analysis of the reaction mixture. 'Experimental 
conditions are as described for 7a (Table I), except that the reaction 
time was 4 h. c Experimental conditions as described for 7a (Table II) 
with the following modifications: 7a (1.0 mmol) dissolved in pyridine 
(28 mL)-AcOH (2.3 mL) was photolyzed for 4 h under a flow of 
N2/air mixture of known composition. The flow rate of each gas was 
regulated separately with a needle valve and mixed before introducing 
into the reaction vessel. ''Not detectable. 

Table IV. Photolysis of 7d in Pyridine-Acetic Acid Solution0'' 

entry 

1 
2 
3 

O2, % 

0 
4 

21 

8d 

61 
47 
14 

15b 

14 
4.7 
0 

16b 

9.7 
5.3 
0 

products, % 

6d 20 21 

8.7 2.6 0 
7.9 17 8.6 
8.3 40 23 

22 

0 
6.8 

10 

total 

96 
97 
95 

We studied first the photolysis of the sec-adamantanecarboxylic 
acid derivative 7a in a static system in pyridine-acetic acid at room 
temperature. The solvent mixture and temperature were as used 
in the Gif111 and GifIV systems. The results are shown in Table 
I. In all cases, about 10% of derivative 7a was hydrolyzed back 
to acid 6a. In the absence of oxygen (entry 1), the rearrangement 
product 8a was the major product (52%), but the pyridine-coupled 
products 4 and 5 (36%) were also important. Thus, the large 
excess of pyridine competes with the thione function for the radical. 
As the oxygen pressure increases, the oxidation products 10, 11, 
and 12 become more important. At the 2 1 % (air) oxygenation 
level, there is little rearrangement product 8a, only a trace of 
pyridine coupling, and the major products arise from capture of 
the radical by oxygen. The results show that the secondary radical 
does partition itself between oxidation and pyridine coupling. The 
thiopyridyl moiety was largely converted into dipyridyl disulfide 
(9). 

<&. a* 
15 

a Cyclohexyl 
b. Cyclododecyl 

12 X1Y=H Z-OH 
11 X1Y=H Z=OOH 
12 Y1Z=O X=H 
13 Y1Z=H X=OH 
14 Y1Z=H X=OOH 

K 

6 
1«. 

17 X1Y=O 
! 8 X=OH Y=H 
19 X=OOH Y=H 

C* 
20 X1Y=O 
21 X=OH Y=H 
22 X=OOH Y=H 
22 X1Y=-CHjO-
24 X=H Y=CHO 

0A solution of 7d (1.0 mmol) in pyridine (28 mL)-AcOH (2.3 mL) 
was photolyzed for 4 h at 12 0C using two tungsten lamps (300 W) 
situated 25 cm from the reaction vessel. Premixed N2/air mixture was 
blown over the stirred solution at a constant rate. 'See Table VIII for 
analysis of the reaction mixture. 

for the sec-adamantyl radicals. As shown in Scheme I, a car-
boxylic acid 6 can be reacted with TV-hydroxy-2-thiopyridone to 
furnish acyl derivatives 7. On photolysis with a W lamp, radicals 
are cleanly generated. In the absence of an added trap, the radical 
reacts with the thione function to give the decarboxylative rear
rangement product 8 with reformation of the radical. In the 
presence of oxygen and pyridine, the radical can be trapped also 
by either of these reagents. Clearly, high oxygen pressures will 
favor oxygen-trapping products, and low oxygen pressures will 
favor pyridine or thione trapping. 

Table V. Photolysis of Acyl Derivatives 7 under 4% Oxygen in Nitrogen (Flow System) 

a Cyclohexyl 
b Cyclododecyl 

Some results for the tertiary radical are shown in Table II. 
This, and all the later results, refers to a flow system of defined 
composition. In the absence of oxygen, the tertiary radical is 
trapped efficiently by the pyridine. Even with air, a significant 
amount of trapping by pyridine is seen. It is clear that the tertiary 
radical is more reactive toward pyridine than the secondary radical. 

We decided, therefore, to compare the reactivity of other 
secondary radicals toward pyridine and oxygen and to compare 
the ratios of oxidation to pyridine capture under radical conditions 
and under GifIV conditions. 

Table III shows the reactivity of the cyclohexyl radical as the 
oxygen pressure is changed. At 4% oxygen concentration, the ratio 
of oxidation products to coupling products is 0.77. In contrast, 
for the Gif ,v oxidation at 4% oxygen pressure, this ratio is 5.5. 

Cyclododecane is an excellent substrate for Gifv oxidation, and 
because of its lack of volatility, it is easy to obtain a good mass 
balance. Table IV summaries data on the photolysis of the usual 

substrate 
(mmol) 

photolysis products (% yield) 

RCO5H RSPy R(O) R(Py) total R(0)/R(py) 

7a (1.0) 
7b (1.0) 
7c (1.0) 
7d(1.0) 

6a (13) 
6b (8.6) 
6c (9.3) 
6d (7.9) 

8a (45) 
8b (19) 
8c (40) 
8d (47) 

10 (3.1) 

17(12) 
20(17) 

11 (8.7) 
13 + 14 (25) 

18 (2.3) 
21 (8.6) 

12(21) 

19 (ND)' 
22 (6.8) 

4(5.4) 
2 (20) 
15a (10) 
15b (4.7) 

5 (2.4) 
3(14) 
16a (7.9) 
16b (5.3) 

96 
87 
82 
98 

4.3 
0.74 
0.78 
3.2 

"See Experimental Section for reaction conditions and Table VIII for the method of analysis. 'Not determinable. 

Table VI. GifIV Oxidation under 4% Oxygen in Nitrogen (Flow System)0 

substrate 
(mmol) 

GifIV oxidation products (% yield) 

R(O) R(py) R H ' total R(0)/R(Py) 

1(5.0) 10(0.1) 12(14) 13(0.2) 2(3.3) 3(4.3) 4(0.08) 5(0.07) (74) 
cyclohexane (15) 17 (4.8 18 (0.1) 15a + 16a (0.9) N D C 

cyclododecane (15) 20(7.0) 21(1.3) 15b (0.1) 16b (0.3) (86) 

96 94 (sec)/0.03 (tert) 
5.4 

95 21 

"See Experimental Section for reaction conditions and Table VIII for the method of analysis. 'Recovered hydrocarbon. 
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Table VII. GoAgg1 and GoAgg" Oxidations of Adamantane, (1)" 

reagents Products, % C2/C3 

exp (mmol) 10 12 13 2 3 (overall) 
GoAgg1 Py4FeCl2 (2.55) KO2 (4.5) 2/7 Ti 09 LO 
GoAgg" FeCl3-6H20 (1.12) H2O2* (9.7) 05 7/7 4̂ 0 4fi ZO (182 

"Oxidations of adamantane (5.0 mmol) were performed in pyridine (30 mL)-acetic acid (5 mL) at room temperature. The solutions were stirred 
under nitrogen for 16 h. b 1.0 mL of 30% aqueous solution of H2O2 was used. c Analysis of the reaction mixtures was performed according to the 
method described in Table VIII. 

derivative of cyclododecylcarboxylic acid.17 At 4% oxygen 
pressure, the ratio of oxidation to coupling is 3.24. In contrast, 
a GifIV oxidation on cyclododecane gave a ratio of oxidation to 
coupling of 22. 

These comparative data are summarized in Tables V and VI. 
Table V summarizes the ratio observed at 4% oxygen flow for 
oxidation versus coupling with pyridine for secondary radicals and 
for the tertiary radical in adamantane. In Table VI, the same 
ratio is calculated for GifIV oxidation using the same flow rate 
of 4% oxygen. If radicals were involved in the Gifv system, these 
ratios should be similar. Clearly they are not. For secondary 
positions, oxidation is much more efficient than coupling with 
pyridine. In contrast, coupling to pyridine is strongly preferred 
for the tertiary position in adamantane. The ratio for the radical 
from 7b is 0.74, whereas in Gif™, at the tertiary position, it is about 
0.03. Thus, although we have convincing evidence for radicals 
at the tertiary position, there is another factor that promotes 
coupling with pyridine. If the iron-carbon bond is formed first, 
then pyridine is certainly coordinated to the iron. Thus, as the 
iron-carbon bond fragments into radicals, one or more pyridine 
residues are held close by and are probably activated by their 
coordination to iron toward radical attack. 

Be this as it may, the results shown in Tables V and VI confirm 
that secondary radicals are not involved in Gif,v oxidation to any 
important extent. 

The fact that Gif"1, GifIV, Gif-Orsay, GoAgg1, and GoAgg" 
all have the same selectivity for hydrocarbon oxidation implies 
that all depend on an iron oxenoid species of the type HOFe(==0)2 

with pyridine and perhaps acetate as ligands. Of course, more 
than one iron center may be involved.18 

We have recently studied the formation of pyridine-coupled 
products in the new systems GoAgg1 and GoAgg11. Selected data 
are given in Table VII. The overall C2/C3 is not far from the 
normal Gif value, supporting our conclusion of a common Fev 

intermediate. 
A different mechanism for the Gif-type system has been pro

posed by Geletii et al.19 It involves the idea that pyridine is 
oxidized to pyridine TV-oxide radical cation, which then oxidizes 
the hydrocarbon to ketone without an intermediate. This inter
esting theory can hardly explain the remarkable reaction20 between 
saturated hydrocarbons and diphenyl diselenide induced by the 
Gif"1 system. The diphenyl diselenide captures the iron-carbon 
bond in a reaction that is almost quantitative in selenium. No 
products containing oxygen are formed. 

However, there is agreement that the Gif system does not 
involve radical chemistry at the secondary positions. 

During the course of these experiments, Prof. D. T. Sawyer 
kindly informed us of his important work21 on a modification of 
the GoAgg" system. We, in turn, had provided him with a copy 
of our work9 on all variations of the Gif system. There is also 
a recent report by Geletii and his colleagues22 on the oxidation 

(17) Krapco, A. P.; Johanson, R. G. /. Org. Chem. 1971, 36, 146. 
(18) Kitajima, N.; Fukui, H.; Moro-Oka, Y. J. Chem. Soc, Chem. Com-

mun. 1988, 485. 
(19) See: Geletii, Y. V.; Lavrushko, V. V.; Shilov, A. E. Dokl. Akad. 

Nauk. SSSR 1986, 288, 139. 
(20) Barton, D. H. R.; Boivin, J.; Le Coupanec, P. J. Chem. Soc, Chem. 

Commun. 1987, 1379. Balavoine, G.; Barton, D. H. R.; Boivin, J.; Lelandais, 
P. New J. Chem., in press. 

(21) Shen, C; Richert, S. A.;Sawyer, D. T. /. Am. Chem. Soc. 1989, 111, 
in press. Shen, C; Richert, S. A.; Cofre, P.; Sawyer, D. T.; Kanofsky, J. R. 
Ibid., in press. 

of saturated hydrocarbons using an equivalent to GoAgg". 
In conclusion, the present work has confirmed that the selective 

oxidation of saturated hydrocarbons to ketones in Gif-type systems 
does not involve secondary radicals. The arguments in favor of 
the iron-carbon bond, evolving by further oxidation to ketone, 
have been strengthened. 

Experimental Section 
General. 1H NMR spectra were recorded with Varian XL-200E and 

Varian Gemini-200 spectrometers for CDCl3 solutions (5 scale, TMS as 
internal standard). Some of the multiplicities were abbreviated as fol
lows: br = broad, qnt = quintet, dd = doublet of a doublet. Mass spectra 
(70 eV, electron impact) were obtained with a Hewlett-Packard 5995C 
quadrupole GC-MS instrument. Exact mass measurements were carried 
out with a VG Analytical 70S high-resolution double-focusing magnetic 
sector mass spectrometer with attached VG Analytical 11/250J data 
system. The IR spectra were measured with a Perkin-Elmer 881 spec
trometer; only the most significant absorptions were listed. The UV 
spectra were recorded on a Beckmann DU-7 spectrometer. Analytical 
GC was performed on a Chrompack 439 equipped with FID detector 
using a fused silica capillary column, CP-Sil-5 CB, 20- X 0.22-mm i.d. 
(N2 as carrier gas). Preparative TLC separations were performed using 
Analtech silica gel GF (1000-Mm) plates. Aldrich silica gel, 130-270 
mesh, 60 A, was used for column chromatography. Melting points were 
determined on a Kofler hot stage and were uncorrected. A7-Hydroxy-
pyridine-2-thione was prepared from the 40% aqueous solution of its 
sodium salt (trade name: sodium omadine from the Olin Corp.)23 

Cyclododecanecarboxylic Acid (6d). Compound 6d was prepared 
starting from cyclododecanone by adapting the method described for the 
synthesis of adamantane-2-carboxylic acid (6a).15 The epoxide (23, 87%) 
was rearranged to cyclododecanecarboxaldehyde (24) by boron trifluoride 
etherate at room temperature. Without isolation, the aldehyde 24 was 
oxidized (Jones reagent) to give the acid 6d (68%), mp 95-97 0C (from 
pentane) (lit.17 mp 93-95 0C). 

General Procedure for the Preparation of Acyl Derivatives 7 of N-
Hydroxy-2-thiopyridone. A solution of the carboxylic acid (9.5 mmol) 
in dry benzene (40 mL) was treated with oxalyl chloride (2.6 mL, 29 
mmol) and a drop of dimethylformamide. After the solution was kept 
at room temperature for 1 h, the solvent and excess oxalyl chloride were 
removed in vacuo. 7V-Hydroxypyridine-2-thione (1.4 g, 11 mmol) in 
methylene chloride (30 mL) was added with cooling (ice bath) followed 
by dropwise addition of pyridine (0.9 mL) in dichloromethane (5.0 mL). 
The cooling bath was removed after 5 min, and the mixture was kept at 
room temperature for 1 h. The reaction mixture was washed once with 
20 mL of saturated NaHCO3 solution and dried over MgSO4. The 
solvent was evaporated under vacuum, and the residue was purified by 
chromatography on silica gel (CH2Cl2) to give the acyl derivative. 

Acyl Derivative 7a. This had (68%) mp 138-140 0C (from 
CH2Cl2-ether). IR (CHCl3): 1800 cm-'. 1HNMR: 5 7.57 (d, 1 H), 
7.50 (d, 1 H), 7.17 (dd, 1 H), 6.60 (dd, 1 H), 3.10 (s, 1 H), 2.48 (s, 2 
H), 1.5-2.2 (m, 12H). 

Acyl derivatives 7b16 and 7c24 are known compounds. 
Acyl Derivative 7d. This (75%) had mp 92-95 0C (from CH2Cl2-

ether). IR(CH2Cl2): 1800 cm-'. 'HNMR: S 7.68 (d, 1 H), 7.50 (d, 
1 H), 7.17 (dd, 1 H), 6.60 (dd, 1 H), 2.90 (qnt, 1 H), 1.70-2.00 (m, 4 
H), 1.25-2.50 (m, 18 H). 

General Procedure for the Preparation of Alkyl 2-Pyridyl Sulfides (8). 
A solution of the acyl derivative 7 (0.35 mmol) in pyridine (6 mL) was 
irradiated with a 150-W tungsten lamp at room temperature for 40 min. 
The pyridine was removed under vacuum (30 0C). The residue was 
extracted with ether (25 mL). The ether extract was washed with sat-

(22) Geletii, Y. V.; Lavrushko, V. V.; Lubimova, G. V. J. Chem. Soc, 
Chem. Commun. 1988, 936. 

(23) Barton, D. H. R.; Bridon, D.; Fernandez-Picot, I.; Zard, S. Z. Tet
rahedron 1987, 43, 2733. 

(24) Barton, D. H. R.; Ozbalik, N.; Vacher, B. Tetrahedron 1988, 44, 
3501. 
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Table VIII. Analysis of Gif Oxidation and the Photolysis Products" 

Barton et al. 

oxygenated products pyridine-coupled products 

alkyl residue R • 

10 
l l c 

12 

NMR* 
3.8 
4.05 
2.05 

5 
(s, 1 H) 
(s, 1 H) 
(s, 2 H) 

NMR 
3.07 
2.98 
4.25 

5 
(s, 1 H) 
(s, 1 H) 
(s, 1 H) 

alkyl residue R < 

naphthalene'' 
13 

GC (70 0C) 
R{, min F 

1.31 1.0 
1.85 1.5 

GC (105 — 205 0C, 15 °C/min) 

fluorene'' 
4 
5 
8b 

Rt, min 
1.32 
2.60 
3.50 
4.51 

F 
1.0 
1.7 
1.7 
1.7 

alkyl residue R' 

GC (30 0C) 

cyclooctane'' 
17 
18 

Rx, min 
1.67 
1.17 
1.24 

F1 

1.0 
2.4 
2.1 

cyclododecane'' 
15a 
16a 
8c 

GC (110 
Ri, min 

2.71 
4.57 
1.27 
1.87 

"C) 
F1 

1.0 
1.8 
1.9 
1.7 

20c 

21 
22 

NMR4 

2.45 
3.78 
4.05 

alkyl residue R • 

5 
(m, 4 H) 
(m, 1 H) 
(m, 1 H) 

15b 
16b 
8d 

NMR 
2.95 
2.75 
3.98 

6 
(qnt, 1 H) 
(qnt, 1 H) 
(qnt, 1 H) 

"The reaction mixture was separated into its neutral, acidic and basic components by extractions from aqueous solution at different pHs. Neutral 
Products. A known portion of the homogeneous solution chilled in an ice-bath was acidified with 25% H2SO4 and extracted with ether. The 
combined extracts were washed with saturated Na2CO3 solution. The ether layer was then dried (MgSO4) and analyzed. Basic products. Another 
portion of the reaction mixture was evaporated to dryness at room temperature using a dry ice cooled rotary evaporator. The residue was dissolved 
in ether and washed with saturated Na2CO3 solution. The ether layer was dried (MgSO4) andd analyzed. Acidic Product. The combined Na2CO3 

washings from the photolysis experiment was acidified with 25% H2SO4 and extracted with ether. The ether extracts were washed once with dilute 
HCl, dried over MgSO4, and evaporated to dryness. The residue was pure carboxylic acid 6 formed by hydrolysis of the thiohydroxamic ester 7. The 
extent of error involved in the analysis methods described here could be estimated as ±5% in terms of mass balance, based on the data from the 
repetition of some of the experiments. 'Products were quantified by comparing the intensities of the peaks listed with that of trichloroethene (6.40 
ppm, s, 1 H) used as an internal standard. c Ready quantification of sec-hydroperoxides formed in the photolysis reactions was feasible by 1H NMR. 
The ^-hydroperoxide 14 was detectable in the 1H NMR of the neutral extracts from photolysis of 7b under air and oxygen. A singlet at 1.76 ppm 
lost intensity with concomitant increase in the intensity of the peak of 1-adamantanol (5 = 1.68, 6 /3-H) upon addition of P(OCH3J3. The quantities 
of the (erf-hydroperoxide 14 formed under oxygen and air were found to be 11% and 6.2%, respectively, by iodometric titrations. d A solution of 
known concentration of this compound was added as an internal standard to the combined ether extracts. 'Percent yield of each product has to be 
multiplied by correction factor F to account for work-up losses as well as for the variation in GC detector response. It was determined by application 
of the work-up method on pyridine-AcOH solution or on a solution obtained from a Gif reaction without substrate, as appropriate, which contained 
a known quantity of the product. 

urated NaHCO3 solution (10 mL), dried (MgSO4), and evaporated to 
dryness. 

Sulfide 8a. This was crystallized from chloroform (98%), mp 40-42 
0C. IR (film): 2908, 2850, 1577 cm"1. UV: Xmux (THF) 253 mm (e 
12900), 295 nm (t 5070). 1H NMR: 5 8.40 (d, 1 H), 7.40 (dd, 1 H), 
7.12 (d, 1 H), 6.91 (dd, 1 H), 4.25 (s, 1 H), 1.52 (m, 14 H). MS: m/z 
245 (M+), 135, 110. HRMS for C15H19NS (M+) calcd 245.1238, found 
245.1214. 

Sulfides 8b'6 and 8c24 are known compounds. 
Sulfide 8d. This was a pale-yellow oil (97%). IR (CH2Cl2): 2937, 

2850, 1577 cm"1. 1H NMR: S 8.40 (d, 1 H), 7.45 (dd, 1 H), 7.12 (d, 
1 H), 6.92 (dd, 1 H), 3.98 (qnt, 1 H), 1.2-1.9 (m, 22 H). MS: m/z 277 
(M+), 244, 138, 125, 111. HRMS for C17H27NS (M+) calcd 277.1864, 
found 277.1865. 

General Procedure for the Preparation of 2'- and 4-Alkylpyridines. 
Acyl derivative 7 (0.5 mmol) in pyridine (8 mL) containing trifluoro-
acetic acid (0.12 mL, 1.55 mmol) was degassed with a stream of argon 
(10-15 min). The solution was then irradiated with a 150-W tungsten 
lamp at room temperature. The reaction was followed by TLC (CH2Cl2) 
until complete (disappearance of derivative 7). To this solution, 20% 
(w/v) NaOH (20 mL) was added, and the mixture was extracted with 
ether (4 x 30 mL). The combined ether extracts were dried (MgSO4) 

and evaporated under reduced pressure. The residue was purified by 
preparative TLC (CH2Cl2). 

(a) Products from the Photolysis of 7a. (2-Pyridyl)-2-adamantane (4). 
Compound 4 was a light-yellow oil (27%). IR (film): 2904, 1598, 1449, 
1429 cm"1. UV (THF): Xmax 256 mm (i 2530). 1H NMR: S 8.59 (d, 
1 H), 7.63 (dd, 1 H), 7.29 (d, 1 H), 7.09 (m, 1 H), 3.07 (s, 1 H), 2.63 
(br s, 2 H), 2.08-1.50 (m, 12H). MS: m/z 213 (M+), 134, 79. HRMS 
for C15H19N (M+) calcd 213.1517, found 213.1543. 

(4-Pyridyl)-2-adamantane (5). This had mp 70-72 0 C (from chlo
roform) (14%). IR (film): 2905,1598,1448,1414 cm-'. UV(THF): 
Xmax 250 mm (t 1780). 'H NMR: 6 8.64-8.40 (br s, 2 H), 7.25 (dd, 2 
H), 2.98 (s, 1 H), 2.45 (br s, 2 H), 2.17-1.51 (m, 12 H). MS: m/z 213 
(M+), 134, 79. HRMS for C15H19N (M+) calcd 213.1517, found 
213.1468. 

2-Adamantyl 2-Pyridyl Sulfide (8a). This compound (12%) was com
pared with the authentic sample described above. 

2,2'-Dipyridyl Disulfide (9). This was identical with the commercial 
(Aldrich) sample (15%). 

(b) Products from the Photolysis of 7d. (2-Pyridyl)cyclododecane 
(15b). This was obtained as a white solid, mp 62-63 0C (from CH2Cl2) 
(16%). IR(CHCl3): 2933,2861,1588,1431cm-'. 'HNMR: 8.52 (d, 
1 H), 7.55 (dd, 1 H), 7.10 (d, 1 H), 7.05 (m, 1 H), 2.95 (qnt, 1 H), 
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2.00-1.70 (m, 4 H), 1.20-1.60 (m, 18 H). MS: m/z 245 (M+), 162, 
132, 106, 93. HRMS for C17H27N (M+) calcd 245.2144, found 
245.2145. 

(4-Pyridyl)cyclododecane (16b). This was a yellow oil (10%). IR 
(CHCl3): 2920, 2860, 1595, 1520, 1445 cm"1. 1H NMR: <5 8.45 (br s, 
2 H), 7.09 (br d, 2 H), 2.75 (qnt, 1 H), 1.1-1.90 (m, 22 H). MS: m/z 
245 (M+), 146, 106, 93. HRMS for C nH 2 1N (M+) calcd 245.2144, 
found 245.2143. 

Cyclododecyl 2-Pyridyl Sulfide (8d). Compound 8d isolated here 
(5.6%) was compared with the authentic sample. 

General Procedure for Gif,v Oxidation. A mixture of pyridine (28 
InL)1 acetic acid (2.3 mL, 40 mequiv) containing FeCl2-4H20 (14.8 mg, 
7 X 10~3 mmol), and hydrocarbon was placed in a 150-mL Erlenmeyer 
flask. Zinc powder (1.3 g; 20 mg) was added and kept suspended in 
solution by stirring. The mixture was stirred open to air at room tem
perature until the zinc powder disappeared (8-10 h). The resulting 
dark-brown solution was subjected to the work-up procedure described 
in Table VIII. 

Stability of sec -Alkylpyridine-Coupled Products under GifIV Condi
tions, (a) For 2-(2-Pyridyl)adamantane (4). Compound 4 (213 mg, 1.0 
mmol) was subjected to GifIV conditions. The chilled reaction mixture 
was acidified with 25% H2SO4 (v/v) and extracted with ether (4 X 25 
mL). The combined ether layers were washed with saturated NaHCO3 

solution, dried (MgSO4), and evaporated to dryness. The 1H NMR 
spectrum of the residue was compared with the spectra of 2-
adamantanone and 2-adamantanol. Neither of these compounds was 
present. The IR spectrum did not show any carbonyl absorption. 

The acidic aqueous layer was basified (20% NaOH) and extracted 
with ether (4 X 50 mL). The combined ether extracts were washed with 
water, dried (MgSO4), and evaporated to dryness at room temperature 
using a dry ice cooled rotary evaporator. The recovery of 4 (82%) was 
determined by comparing the intensity of the 1H NMR peak representing 
the a-2-adamantyl proton with the protons OfCH2I2 (5 = 3.8 ppm) added 
as an internal standard. 

(b) For 2-(4-Pyridyl)adamantane (5). A Gifv reaction was performed 
in the presence of 5 (158 mg, 0.75 mmol), and the reaction mixture was 
worked up as described for compound 4. The neutral extracts did not 
contain any oxidation products (1H NMR and IR). A major proportion 
of 5 (73%) was found in the basic fraction as determined by 1H NMR 
using CH2I2 as internal standard. 

(c) For (2-Pyridyl)cyclohexane (15a).3 Compound 15a (161 mg, 1.0 
mmol) was incubated under GifIV conditions. The resulting solution was 
worked up as described for compound 4. The neutral fraction was treated 
with 2,4-dinitrophenylhydrazine reagent. There was no detectable 
amount of cyclohexanone dinitrophenylhydrazone. The basic fraction 
was purified by column chromatography on silica gel using petroleum 
ether as eluent. 1H NMR of the fraction containing 15a was recorded 
using CH2I2 as internal standard. The yield of 15a was 50%. 

Ylides play important roles in both practical and theoretical 
organic chemistry.1 Numerous studies of their chemical and 

Oxidation of Adamantane with and without sec-Adamantylpyridine-
Coupled Products, (a) Without sec-Adamantylpyridine-Coupled Products 
4 and 5. Adamantane (272 mg, 2.0 mmol) was oxidized by a GifIV 

oxidation reaction. The resulting residue was treated with 5% NaOH 
(50 mL) and extracted with ether (4 X 100 mL). The combined ether 
extracts were washed once with water, dried (MgSO4), and concentrated 
to 20 mL. The analysis of this concentrate (GC) for the coupled products 
showed compounds 2 (5.66%), 3 (7.65%), 4 (<0.5%), and 5 (<0.5%). 

(b) With sec -Adamantylpyridine-Coupled Products 4 and 5. A mix
ture of adamantane (272 mg, 0.17 mmol), (2-pyridyl)-2-adamantane 
(38.6 mg, 0.17 mmol), and (4-pyridyl)-2-adamantane (18.1 mg, 0.085 
mmol) was subjected to Gif™ oxidation conditions. The chilled (ice bath) 
mixture was acidified with 25% (v/v) H2SO4 and extracted with ether 
(4 X 50 mL). The combined ether extracts were dried (MgSO4) and 
evaporated to dryness. The 1H NMR of the residue with CH2I2 as 
internal standard showed 10.5% of 2-adamantanone (12) and 3.5% of 
2-adamantanol (10). 

The acidic aqueous solution was basified (20% NaOH) and extracted 
with ether (4 X 50 mL). The combined ether extracts were washed with 
water, dried (MgSO4), and concentrated to 20 mL. The concentrate 
contained 2 (5.55%), 3 (12.7%), 4 (97.7% recovery), and 5 (94.8% re
covery) as determined by GC analysis. 

Photolysis of Acyl Derivatives 7 under 4% Oxygen in Nitrogen. A 
steady stream of nitrogen (30 mL/min) and air (7.5 mL/min) was 
maintained with needle valves. Each gas, after being mixed in a flask, 
was blown over the surface of the stirred pyridine (28-mL)-acetic acid 
(2.3-mL) solution containing compound 7. The photolysis was carried 
out with two W lamps situated 25 cm from the reaction flask for 2 h, at 
12 0C. The reaction mixture was analyzed as described in Table VIII. 
The products and their quantities are given in Table V. 

GifIV Oxidations of Hydrocarbons Adamantane (1), Cyclohexane, and 
Cyclododecane under a Flow of 4% Oxygen in Nitrogen. A stable stream 
of nitrogen (30 mL/min) and air (7.5 mL/min) was maintained with the 
aid of needle valves. Each gas was connected to inlets of a flask that 
served as a premixing chamber. The gas mixture was then blown over 
the surface of the stirred reaction mixture which was composed of hy
drocarbon, Fe02-4H20 (8 mg, 4 X 20~2 mmol), and zinc powder (1.3 
g, 20 mg) in pyridine (28 mL)-acetic acid (2.3 mL, 40 mmol). The 
solution was stirred at a rate to keep the zinc in suspension for 24 h at 
room temperature. The resulting dark solution was worked up after 
combining with the contents of the cold trap (dry ice-acetone) attached 
to the outlet of the reaction vessel. The workup and method of analysis 
are described in Table VIII. The amount of hydrocarbon used and 
quantities of products found are listed in Table VI. 

Acknowledgment. We thank the N.S.F . and the N. I .H. for 
partial support of this work and Prof. D. T. Sawyer for helpful 
discussions. 

physical properties have related their unique bonding pattern to 
their characteristic reactivity.2 Surprisingly, an aspect of the 
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Abstract: The chemistry of a series of phenacyl sulfonium ylides was studied. Their photosensitized one-electron oxidation 
by 9,10-dicyanoanthrcene generates ylidions, a new class of radical cation intermediates. In some cases, the ylidions cleave 
to form a free alkyl radical and a cation; in others, they are attacked by nucleophiles or by an alkene. The chemical properties 
displayed by the phenacyl sulfonium ylidions appear to be controlled primarily by the nature of the sulfur-bound alkyl groups. 
The direct photolysis and thermolysis of the phenacyl sulfonium ylides was examined for comparison with their one-electron 
oxidation. Some of the ylides undergo the Stevens rearrangement either when heated or photolyzed. Contrary to an earlier 
report, there is no evidence that direct photolysis of a phenacyl sulfonium ylide leads to formation of benzoylcarbene. 
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