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To elucidate the intermediates that intervene in the denitrogenation of bicyclic azoalkanes by 
photosensitized electron transfer (PET), the 2,3-diazabicyclo[2.2.11 hept-2-ene (DBH) derivative lb  
was synthesized, and its PET reactions were examined. With triphenylpyrylium tetrafluoroborate 
(TPT) or 9,lO-dicyanoanthracene (DCA) as sensitizers and biphenyl as cosensitizer, the azoalkane 
lb gave through intramolecular cyclization the spiro ethers 5 and 6 as trapping products, in addition 
to the bicyclopentane 2b and the cyclopentenes 3b,b’, the latter as rearrangement products. 
Comparison with 1,4-dimethyl-DBH (IC) revealed that trapping of a 1,3-diyl radical cation as the 
major pathway is unlikely. PET experiments with the regioisomeric cyclopentenes 3b,b’, which both 
led to the spiro ether 5, imply the involvement of the allyl cation 3b(-H)+ as the decisive intermediate 
in the nucleophilic trapping reactions. Comparison of the PET chemistry of the azoalkane lb and 
the corresponding bicyclopentane 2b gave further insight into the mechanism of denitrogenation of 
azoalkanes through single electron transfer. The latter resulta lend additional support for the 
involvement of the diazenyl radical cation lo+, which to date has escaped direct detection. 

Introduction Scheme I 

Cyclic azoalkanes are well-known for their propensity 
to form biradicals upon photolytically or thermally induced 
denitrogenation. Especially 2,3-diazabicyclo [ 2.2.11 hept- 
2-ene (DBH) and its derivatives have been the focus of 
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numerous mechanistic studies which were concerned with 
the generation and transformation of localized 1,3-birad- 
icals2 (Scheme I). More recent work established that cyclic 
azoalkanes and particularly DBH derivatives extrude 
nitrogen also upon photosensitized electron transfer 
(PET)3*4- a photochemical process that has become of 
considerable significance during the last years.6 

The 1,3-~yclopentanediyl radical cations derived from 
DBH derivatives or housanes exhibit a high tendency for 
rearrangement by 1,2-hydrogen or 1,a-alkyl shift as 

minations on y-irradiated material under matrix isola- 
tion.”i6 Such rearrangements do not occur in significant 
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confirmed by liquid-phase PET studies and ESR deter- 
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R amounts, if at all, in the corresponding 1,3 biradicals. While - Nz 
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for the l,&biradicals trapping experiments with dioxygen” 
or nitroxides7 as radical scavengers were applied as 
mechanistic tools, no such trapping was reported for the 
corresponding 1,3-radical cation intermediates. However, 
for other radical cation systems there do exist numerous 
studies on reactions with nucleophiles. Besides trapping 
of 1,2-radical cations through intermolecular reactions with 
alcohols, amines, and nitriles&sor through intramolecular 
reactions:JO the scavenging of diatonic radical cations is 
also known.ll It was reported recently that radical cations 
~ ~~~ ~ ~~~~~ ~~ 
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Scheme I11 

R = H o r P h  
R' = H or Me 

X = OMe, OH, CN 

n = 3 - 4  

generated through SET from monocyclic and bicyclic 
azoalkanes were efficiently trapped by methanol or 
a c e t ~ n i t r i l e ; ~ ~ * ~  however, attempts to scavenge radical 
cations derived from DBH derivatives with these nucleo- 
philes were futile.3a 

Also relevant for this work, since it is closely related to 
1,3-cyclopentanediyl radical cations, are the trapping 
experiments with cyclopropane-derived radical cations. 
These intermediates, when stabilized by aryP3 or alkoxy14 
substituents (Scheme 111, underwent reaction with nu- 
cleophiles.12 Not only did such experiments provide 
detailed mechanistic insights into orbital interactions and 
reaction rates,13a but they also revealed some synthetic 
potential.14J5 

The aim of this work was to examine whether the PET 
chemistry of azoalkane l b  gives rise to l,&radical cations 
which are subsequently trapped by intramolecular nu- 
cleophilic cyclization. The 1,Cdialkyl substitution was 
chosen because PET experiments on lP-dimethyl-DBH 
(IC) showed that alkyl substitution on both bridgeheads 
generates significantly more stable radical cations.16 
Undoubtedly, the more persistent these transients, the 
better the chances for nucleophilic trapping. 

Result8 

Synthesis of Starting Materials. Azoalkane lb was 
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prepared according to the synthetic pathway outlined in 
Scheme 111. Addition of a pent-Cene cuprate to 142- 
methyl-l,3-dioxolan-2-yl)but-3-yne at low temperature" 
afforded the appropriate ketal, which was hydrolyzed 
quantitatively to the ketone by stirring with a HzSOJ 
Si02 slurry.l* Conversion to the tosyl hydrazone and 
cyclization by Wilson's methodlg with BF3-EbO yielded 
azoalkane la. Hydration of the latter to azoalkane lb was 
achieved in satisfactory yields by treatment with aqueous 
70% HC104 at 0 "C. Azoalkane l b  was made available by 
following the published procedure.19 Direct photolysis of 
azoalkanes lb,c yielded quantitatively the corresponding 
bicyclopentanes 2b,~.~O 
PET Reactions. The photosensitized electron transfer 

(PET) reactions were carried out either in CHzClz or in 
CH&N and with two sensitizers, namely 9,lO-dicyanoan- 
thracene (DCA) and 2,4,64riphenylpyrylium tetrafluo- 
roborate (TPT). DCA serves in its excited singlet state 
as an electron acceptor with a reduction potential of ca. 
+2.0 V/SCE. TPT exhibits in its excited singlet state a 
reduction potential of ca. +2.5 V/SCE, but intersystem 
crossing to its triplet state with a reduction potential of 
+2.0 V/SCE is feasible.21a The latter spin state, however, 
plays a minor role if diffusion-controlled quenching is 
supposed.21b To avoid direct photolysis of the azoalkanes, 
the solutions were irradiated by employing a glass fdter 
which absorbed all light below 400 m n 2 0  The present 
results and for comparison those of the PET reactions for 
azoalkane 1c16 are listed in Table I. 
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2.82 eV for TPT; the triplet excitation ener ET for TPT ia 2.30 eV.b 
The excited-state reduction potential Gia approximated by the 
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Table I. Product Studies of the Photosensitized Electron 
Transfer (PET) Reactions of the Azoalkanes 1, 

Bicyclopentanes 2, and Cyclopentenes 3. 

Adam and Sendelbach 

Drodudion 
distributionb*d (%) en- sub- convn" mbbSc 

try strate sensitizer solvent (%) (%) 2 3' 4 5f 6 

1 lb 
2 I C  
3 lb  
4 IC 
5 lb 
6 IC 
7 lb 
8 I C  
9 lb  
10 I C  
11 lb 
12 lb 

DCA 
1 
DCA 
1 
TPT 
1 
TPT 
1 
DCA/Phz 
1 
TPT/PhZ 
TPT/PhZ 

Azoalkanes 
CHsCN 30 75 52 48 

CHzClZ 57 90 70 30 
46 97 62 38 

CHsCN 50 85 21 65 
66 75 18 74 8 

CHzClz 40 87 37 26 
1 54 70 40 54 6 
CHsCN 40 95 25 62 7 6  

22 60 19 78 3 
89 <1 

1 
CHsCN 21 75 <1 10 
CHaClZ 23 80 <1 52 45 2 

1 75 100 46 54 

1 

1 
14 

37 

Hydrocarbons 
13 2b TPT CHICN 13 15 >99 <1 

55 36 100 

10 50 g 93 7 
30 70 

9 9 1  

14 2c 1 1 
15 2b DCA/Phz CHsCN 50 15 g 
16 2c 1 1 
17 2b TPT CHzClz 15 37 g 
18 3b TPT CHsCN 16 55 g 100 
19 3b' 1 1 20 58 g 100 

69 41 20 3b DCA/Phz CHsCN 20 35 g 
21 3b' 1 1 13 40 g 100 

a See Experimental Section for reaction conditions, usual irradi- 
ation timeabout 515min. * Mass balancedetermined byquantitative 
capillary GC, see Experimental Section for definition. Error 510% 
of stated value. d Relative yields normalized to 100%, error ca. 2 % . 
e The two regioisomers 3b,b' were formed in a 1:l ratio in all cases. 
f Separated into the two diastereomeres by GC, which were formed 
in a ratio of ca. 1:l. g Starting material. 

With DCA as electron acceptor, both azoalkanes lb,c 
yielded the bicyclopentanes 2b,c and the cyclopentenes 
3b('),c. The ratio of housanea 2 uersu rearranged products 

1 2 3 4 

5 6 3(-H)* 

b: R' = CH3, R2= 

b': R ' =  , R 2 = C H 3  

C: R'=R2=CH3 

OH 

3 were very similar for the 1,4-dialkyl-substituted azoal- 
kanes lb,c (Table I, entries 1-8). The two cyclopentenes 
3b,b' could be distinguished by GC analysis and were in 
all cases formed in a 1:l ratio. 

Photolysis of azoalkane lb in the presence of TPT gave 
rise to two additional products (Table I, entries 5,7), which 
were isolated by preparative GC. Spectral analysis, which 
also included NOE experiments, proved that the diaster- 
eomeric spiro ethers (R*,R*)- and (R*,S*)-5 were obtained 
in a 1:l ratio. 

5 %  

R', A' - 5 R*, S* - 5 

Addition of biphenyl (Phz) as cosensitizer22 in 10 molar 
excess caused a substantial change in the product distri- 
bution for both azoalkanes lb,c (Table I, entries 9-12). In 
the case of DCA, addition of Ph2 led to a significant 
decrease in housane formation (Table I, cf. entries 9, 10 
uersu 1,2) and the appearance of new products. Azoal- 
kane lb afforded not only the unsaturated spiro ether 5, 
but also its saturated derivative 6. 'H and 13C NMR 
spectra show that the new product 6 was formed as a 
mixture of four diastereomers in the ratio 2:2:1:1, which 
could not be separated even by capillary GC. Its consti- 
tution was unambiguously established on the basis of MS, 
IR, and NMR data, but the exact stereochemistry of the 
individual isomers could not be elucidated. Interestingly, 
under the photolysis conditions at which azoalkane lb 
afforded the intramolecular trapping products 5 and 6, 
azoalkane IC gave minor amounts of dimethylcyclopen- 
tadiene 4s. An analogous product 4b was not observed in 
the PET photolysis of azoalkane lb. 

The PET reaction of azoalkane IC with DCA/Ph2 in 
acetonitrile was also carried out in the presence of methanol 
(60% v/v). Besides housane 2c and cyclopentene 3c, only 
traces (C2%) of a volatile nitrogen-free product were 
detected whose mass spectrum (GC-MS) gave evidence 
for incorporation of a methoxy group in a C, hydrocarbon 
(molecular ion peak with m/z = 126 and a principle 
fragment with m/z  = 95). The nonvolatile residue (80%) 
consisted of a mixture of intractable higher-molecular- 
weight material. Thus, for DBH derivatives intramolec- 
ular trapping gave much cleaner reactions than intermo- 
lecular scavenging. 

Also, the strained bicyclo[2.1.0lpentanes 2b,c were 
oxidized by PET to generate radical cation intermediates 
(Table I, entries 13-17). While bicyclopentane 2c gave 
the cyclopentene 3c and the cyclopentadiene 4c (in some 
cases), the hydroxy-substituted derivative 2b dorded only 
cyclization products 5 and 6. Cyclopentenes 3b,bf could 
not be detected; however, the yield of volatile products in 
the PET reactions of housanes 2b,c was low, especially in 
the case of 2b. Low mass balances were observed for most 
PET reactions of bicyclopentanes before.3c A very complex 
mixture of higher-molecular-weight products was formed, 
which could not be chromatographically separated. Nev- 
ertheless, 1H NMR spectral evidence in the case of h o m e  
2b suggests that some of these products have incorporated 
sensitizer molecules (aromatic besides aliphatic protons), 
while some of the other nonvolatile products must have 
arisen from oligomerization of bicyclopentane 2b (only 
aliphatic protons). 

A control experiment showed that cyclopentenes 3b,bf 
cyclized also under the PET conditions employed for the 
azoalkane lb and housane 2b. Thus, cyclopentenes 3b,bf 
afforded with TPT as sensitizer the spiro ether 5 (Table 
I, entries 18, 19). With DCA/Ph2 cyclopentene 3b gave 

~ 

(22) (a) Gould, I. R.; Ege, D.; Moser, J. E.; Farid, S. J. Am. Chem. SOC. 
1990, 112, 4290. (b) Julliard, M. In Photoinduced Electron Tramfer 
Part B; Fox, M. A., Chanon, M., Eds.; Elsevier: Amsterdam, l96& p 216. 
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Scheme IV - 
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PET = Photosensitized Electron Transfer 
BET = Electron Back-Transfer 

the saturated spiro ether 6 as the major and 5 as the minor 
product. Isomer 3b’ yielded only the latter under these 
conditions (Table I, entries 20, 21). 

Discussion 
The formation of spiro ethers 5 and 6 in the PET reaction 

of azoalkane lb  constitutes unambiguous evidence for 
intramolecular cyclization of electron-deficient interme- 
diates, e.g., radical cations. Nevertheless, careful con- 
sideration of the data in Table I reveals quite generally 
that trapping of the diatonic 1,3-diyl radical cation or the 
proximate l,2-radical cation, produced after 1,2-H shift 
of the former, is not the only reaction pathway to the spiro 
ethers 5 and 6. For this purpose, important mechanistic 
implications are drawn from the relative yields of bicy- 
clopentanes 2b,c which are observed in this PET reaction. 
Presumably, the bicyclopentanes 2 arise from electron 
back-transfer (BET) to the 1,3-diyl radical cation prior to 
any rearrangement or nucleophilic attack. Thus, factors 
which influence the rate of electron back-transfer (FZBET) 
should become evident in the relative yields of the 
bicyclopentanes. Indeed, in CHzCl2 the bicyclopentanes 
2 were formed in higher amounts than in CHsCN (Table 
I, cf. entries 1,2 and 3,4). This is consistent with the fact 
that in the nonpolar CH2C12 electron back-transfer is more 
efficient than in the polar CHsCN, since in the former 
fast-collapsing contact radical ion pairs (CRIP) intervene 
while in the latter longer-lived solvent-separated radical 
ion pairs (SSRIP) are involved and chemical transfor- 
mations can compete more effectively with BET.Sa*23g24 

The influence of sensitizer on the bicyclopentane yield 
implies normal Marcus region behavior and is in accor- 

4c 

dance with earlier r e ~ u l t a . ~ ~  In the normal Marcus region, 
 BET is proportional to the exothermicity of the BET 
process,2w23 which is greater for DCA than for TPT.= 
Furthermore, the cationic sensitizer TPT gives rise to a 
geminate pair of a radical cation and a neutral radical, in 
which diffusive separation to free-radical cations is not 
encumbered by Coulombic attraction. The results in Table 
I are consistent with the above arguments. For example, 
conclusive is the fact that azoalkane Ib, for which a similar 
oxidiation potential and thus a similar  BET as for IC is 
expected, yields the same bicyclopentane ratios as azoal- 
kane IC, even in runs which afford cyclization (Table I, 
cf. entries 5,6 and 7,8). This implies that trapping of the 
direct precursor of bicyclopentane 2b, the 1,3-diyl radical 
cation 2b’+ (Scheme IV), is not significant. If trapping 
were to take place at  the stage of the 1,a-radical cation 
3b,’+ which is formed either by a 1,2-hydrogen shift in the 
l,&diyl radical cation 2b’+ or directly at the stage of the 
diazenyl radical cation only the 1,2-radical cation 
3b’+ and not ita isomer 3b”+ should afford the spiro ether 
5 (Scheme N). However, although no isomerization of 
cyclopentene 3b’ into ita regioisomer 3b and uice uersa 
was observed, both cyclopentenes give rise to spiro ether 
5 (Table I, entries 18,lQ). To account for the formation 
of spiro ether 5 from 3b’ the allyl cation 3b(-H)+ is proposed 
as a plausible intermediate. The allyl cation 3(-H)+ is 
generated from 2’+ or 3’+ either by H abstraction (for 

(23) Farid, S.; Godd, I. R.; Young, R. H.; Moody, R. E. J. Phys. Chem. 
1991,95,2068. 

(24) Mattay, J.; Vondenhof, M. Top. Curr. Chem. 1991,159,219. 
(26) Distinctly different correlations of k ~ m  wi th  the energy gap apply 

for charge recombination (DCA-derived geminate pair) and charge shift 
(‘ET-derived geminate ion pair).2” 
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"P) or by deprotonation (for DCA'-) and subsequent 
oxidation of the allyl radical 3(-H)'. Both processes are 
most likely performed by the reduced sensitizer and were 
explicitly established for similar cases.%' Indeed, both 
sensitizers were consumed during photolysis as seen by 
fading fluorescence and decreasing absorption above 400 
nm. Up to the conversions run (cf. Table I) the amount 
of added sensitizer was enough for the formation of the 
unsaturated trapping product 5, even if a stoichiometric 
reaction between sensitizer and substrate had taken place. 

The existence of the allyl cation 3(-H)+ or the corre- 
sponding allyl radical 3(-H)' as intermediates would also 
explain the formation of cyclopentadiene 4c from azoal- 
kane IC, which is observed only under PET conditions 
(Table I, entries 6,7,10) for which lb  yields spiro ethers 
5 and 6. The allyl radical 3c(-H)' could subsequently be 
converted to cyclopentadiene 4c or cyclopentene 3c, while 
proton abstraction from the allyl cation 3c(-H)+ would 
yield cyclopentadiene 4c directly. Again, the sensitizer 
radical anion may function as H abstractor; alternatively, 
a disproportionation mechanism is at  play.' la 

The PETreactions of azoalkanes 1 constitute illustrative 
examples of the impact a cosensitizer22 can have on the 
product distribution. It is well-known that biphenyl (Ph2) 
is an efficient cosensitizer, and quantitative laser flash 
spectroscopic experiments with aromatic donor systems 
established that DCA gives in the presence of Ph2 high 
quantum yields of free radical ions.228 Indeed, addition 
of Ph2 in the DCA-sensitized photolyses of the azoalkanes 
lb,c gave rise to more cyclopentenes 3 as rearranged 
products (Table I, entries 9,lO); for l b  also spiro ether 5 
and its saturated derivative 6 were detected, which were 
not observed in previous photolyses (Table I, entries 5,7). 
Even more drastic was the change in the product distri- 
bution when TPT was used (Table I, entries 11,12), for 
which cosensitization suppressed almost completely the 
formation of bicyclopentane 2; this points toward the 
intervention of long-lived, presumably free-radical ions. 

Spiro ether 6 arises either from trapping of the 1,3-diyl 
radical cation 2b'+ or from intramolecular attack on the 
1,2-radical cation 3b'+ but not 3b"+, as shown in control 
experiments (Table I, entries 20, 21). In the TPT- 
sensitized ET reactions it was said that the significant 
amounts of spiro ether 5 (Table I, entries 5, 7) were 
unlikely to arise from trapping of 2b'+, since azoalkane 1 b 
and its parent compound IC always gave similar yields of 
bicyclopentanes 2b,c. Nevertheless, i t  cannot be excluded 
that the minor amounts of spiro ether 6 (6 96 ) in the DCA/ 
Phpsensitized reaction are formed directly from 2b*+. 

If intramolecular trapping of the 1,3 diyl radical cation 
2b*+, derived from the PET denitrogenation of azoalkane 
1 b, were to take place, the PET reaction of bicyclopentane 
2b should give under the same conditions also the saturated 
spiro ether 6. This follows from the fact that the strained 
hydrocarbon affords directly the 1,3-diyl radical cation 
2b'+ in the primary oxidation step and no rearrangement 
a t  the stage of the diazenyl radical cation lb'+ has to be 
taken into account (Scheme IV). Indeed, bicyclopentane 
2b yielded in the photolysis with DCA/Ph2 (Table I, entry 
15) mostly the saturated spiro ether 6, some unsaturated 
derivative 5, and more surprisingly, none of the cyclo- 
pentenes 3b,b'. In contrast, 1,3-dimethylhousane (2c) 
afforded cyclopentene 3c as rearrangement product (Table 
I, entries 14, 16). 

~~~ ~ ~ 

(26) Arnold, D. R.; Wayne?, D. D. M. Can. J.  Chem. 1985,63,871. 

The absence of cyclopentenes 3b,b' could mean that 
the corresponding 1,2 radical cations 3'+ lead exclusively 
to 3b(-H)+, which is then quantitatively trapped intramo- 
lecularly. Alternatively, under these conditions rear- 
rangement cannot compete with trapping; however, com- 
parative studies in the liquid phase and under matrix 
isolation (ESR) showed that DBH derivatives are more 
prone to rearrangement upon oxidation than the corre- 
sponding bicyclopentanes.3c This was attributed to the 
involvement of diazenyl radical cations lo+, which undergo 
facile denitrogenation with concomitant migration of the 
antiperiplanar substituent (eq 1). Thus, for bicyclopen- 

R' 

l+ 

tane 2b, for which such alternative access to the isomeric 
cyclopentenes 3b,b' does not exist, cyclization through 
intramolecular trapping to spiroether 6 dominates over 
formation of cyclopentenes 3b,b' through rearrangement. 

It is noteworthy that bicyclopentane 2b yielded with 
TPT as sensitizer almost exclusively unsaturated spiro 
ether 5 (Table I, entry 13). This may be due to the higher 
propensity of reduced TPT (the neutral triphenylpyrylium 
radical) for hydrogen abstraction. Consistent with this 
finding are also the results of TPT-sensitized photolyses 
of azoalkane l b  in CH2C12 and CH&N (Table I, entries 
5, 7). In spite of the generally lower lifetime of radical 
cations in CRIP (see above), more spiro ether 5 than 
cyclopentenes 3b,b' is formed in CH2Cl2, while it is vice 
versa in CH3CN. Therefore, wesuggest that the proximity 
of the triphenylpyrylium radical in the CRIP does not 
only enhance BET but also the H abstraction from the 
1,Zradical cation 3*+, which leads then to a geminate pair 
of a neutral molecule and the allyl-stabilized cation 
3b(-H)+. Addition of the cosensitizer Ph2 (Table I, entries 
11,12) perturbs this competitive situation at  the expense 
of BET, so that H abstraction is significantly increased, 
as reflected in the higher yield of spiro ether 5 as trapping 
product. 

In conclusion, the intramolecular trapping experiments 
helped to establish a rather detailed mechanism of the 
PET-induced chemistry of azoalkanes l b  and the bicy- 
clopentane 2b, which should also apply to other amalkanes 
and bicyclopentanes. Thus, the allyl cation 3(-H)+ is a 
likely key intermediate, which explains the formation of 
products such as cyclopentadienes; their mechanistic origin 
was until now speculation. The results provide further 
evidence for the involvement of diazenyl radical cations 
lo+, which to date have escaped direct detection. In 
general, although upon PET the DBH derivatives give 
rise to interesting radical cation chemistry, to use these 
azoalkanes as precursors for to 1,3-diyl radical cations 2'+ 
is complicated by competing rearrangement directly into 
1,2-radical cations 3'+, as depicted in Scheme IV. 

Experimental Section 
General Aspects. Gas chromatographic anal- were con- 

ducted on capillary GC instruments, equipped with a flame 
ionization detector (FID). Carbowax and OV-130-m fused silica 
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columns with an internal diameter of 0.25 mm and a f i i  thickness 
of 0.25 mm were used. IR data are given in cm-l. The PET 
reactions were carried out by irradiation with a 150-W high- 
pressure mercury lamp and a Schott GG 400 glass filter to block 
all light below X = 400 nm. An argon ion laser, fitted with a 
selected W tube (A = 333-364 nm), was used as irradiation source 
for the direct photolysis of the azoalkanes. 

Conversions, relative yields, and mass balances were deter- 
mined by GC and corrected for the response factors of the starting 
material and the products. As quantitative measure were used 
the integrated peak areas of the chromatograms. The mass 
balances (mb) were determined according to eq 2, where At = 
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S-Methylenedec-g-en-2-0ne Tosylhydraxone. To a sus- 
pension of tosyl hydrazide (15.3 g, 82.2 "01) in 200 mL of 
n-pentane were added 5-methylenedec-9-en-2-0ne (12.4 g, 74.4 
"01) and 0.15 mL of glacial acid. After mechanical stirring for 
24 h at room temperature, the precipitate was collectad and 
washed with 75 mL of cold n-pentane. Recryetallization from 
20 mL of ethanol at -20 OC yielded colorless needles (14.9 g, 
61%), mp 67-69 OC. The product consisted of a 8317 mixture 
of the anti and syn isomers: IR (KBr) 3220,3070, 2980,2960, 
2925,2850,1635,1595,1490,14M), 'H NMR (250 MHz, CDCh) 
6 1.33-1.48 (m, 2H), 1.75-2.15 (m, 9H), 2.22-2.33 (m, 2H), 2.39 
(s,3H), 4.51-4.73 (m, 2H), 4.87-5.03 (m, 2H), 5.64-5.85 (m, lH), 
7.26 (br d, J = 8.1 Hz, 2H), 7.82 (br d, J = 8.1 Hz, 2H), 7.96 (br 
s, 1H); (onti-isomer) 'Bc NMR (63 MHz, CDCU 6 15.7 (q), 21.5 
(q), 26.7 (t), 31.9 (t), 33.2 (t), 35.2 (t), 36.9 (t), 109.4 (t), 114.5 (t), 
127.9 (d), 129.3 (2 X d), 135.4 (a), 138.5 (2 X d), 143.7 (a), 148.0 
(s), 157.8 (a); (syn-isomer) lSC NMR (63 MHz, CDCld 6 21.5 (q), 
23.0 (q), 28.8 (t), 30.7 (t), 33.1 (t), 35.3 (t), 36.8 (t), 110.0 (t), 114.6 
(t), 127.9 (d), 129.4 (2 X d), 135.3 (s), 138.4 (2 X d), 143.8 (e), 147.5 
(s), 159.1 (8); MS (70 eV) m/z 335 (0.2) [M+l, 179 (100), 149 (16), 
135 (15), 107 (23), 95 (30),93 (22),91(54), 81 (38),41(84). Anal. 
Calcd for C & & J 2 0 S :  C, 64.64, H, 7.W; N, 8.38. Found C, 
64.66; H, 7.92; N, 8.26. 

l-(Pent-4-enyl)-4-met hyl-2,3-diazabicyclo[2.2.l]hept-2- 
ene (la). To a refluxed solution of BFa-EhO (3.20 g, 25.4 mmol) 
in 440 mL of dry benzene was added over a 7-h period the above 
toeylhydrazone (6.0 g, 17.9 mmol) in 500 mL of benzene. The 
reaction mixture was further refluxed for 1.5 h before it was 
quenched by addition of 120 mL of 2 M KaCOs. The benzene 
solution was washed with saturated, aqueous NaCl(3 X 150 mL), 
dried over Na2SO4, and concentrated by removal of the solvent 
at 30 OC/20 Torr. Column chromatography on silica gel with 
petroleum ether/CH2Clz/methyl acetate (lO/lO/l) as eluent 
yielded 1.58 g (50%) of a yellow oil. An analytical sample waa 
obtained by Kugelrohr distillation (90 OC/O.3 Torr): IR (CC4) 
3090,2970,2940,2860,1640,1500, 1450,1435,1380,1320; W 

1.08 (m, 4H), 1.43-1.71 (m, 4H), 1.78 (s,3H), 1.96-2.34 (m, 4H), 
4.90-5.08(m,2H),5.82(ddt,J=17.0,10.3,6.7Hz,1H);1~~ 
(50 MHz, CDCb) 6 17.0 (q), 25.1 (t), 27.4 (t), 28.8 (t), 30.9 (t), 34.2 
(t), 48.3 (t), 84.3 (e), 88.6 (a), 114.8 (t), 138.4 (d); MS (70eV) m/z 
179 (0.1) [M+], 135 (3), 107 (19), 96 (3), 95 (5), 94 (ll), 93 (13), 
81 (loo), 79 (19), 76 (15). Anal. Calcd for C11H1eN2: C, 74.11; 
H, 10.18; N, 15.71. Found C, 73.91; H, 10.22; N, 15.64. 
1-(4-Hydroxypentyl)-4methyl-2,3-diazabicyclo[2,2.l]hept- 

2-ene (lb). A mixture of azoalkane la (640 mg, 3.6 mmol) and 
0.2 mL of 70% HClOh was stirred for 8 h at 0 "C. After 
neutralization with aqueous NaOH and extraction with CH2Cla 
(5 x 10 mL), the combined organic layers were washed with 
aqueous NH&1(1 X mL) and water (2 X 5 mL) and dried over 
Na2SO4. The solvent was removed at 25 OC/20 Torr and the 
residue purified by column chromatography on silica gel with 
ethyl acetate/methanol as eluent. The azoalkane l b  was obtained 
as a colorless oil (462 mg, 66%): IR (neat) 3405 (br), 2975,2940, 
2875,1600,1450,1385,1320,1245,1130; W (CHsCN) X (e) 348 
nm (245); lH NMR (200 MHz, CDCb) 6 0.95-1.05 (m, 4H), 1.18 
(d, J =  6.2Hz, 3H), 1.46-1.64 (m,6H), 1.82 (s,3H), 2.01-2.30 (m, 
2H), 2.95 (br s, lH), 3.82 (m, 1H); lac NMR (53 MHz, CDCW 
6 17.0 (q), 22.0 (t), 23.5 (q), 27.5 (t), 28.7 (t), 31.3 (t), 39.6 (t),48.2 
(t), 67.7 (d), 84.2 (a), 88.7 (8 ) .  Anal. Calcd for C11H&20 C, 
67.31; H, 10.27; N, 14.27. Found C, 67.10; H, 10.24; N, 14.24. 

l-(4-Hydroxypentyl)-4-methylbicyclo[2.1.e (2b). 
A solution of azoalkane lb  (400 mg, 2.04 "01) in 10 mL of 
CHzCl2 was irradiated for 20 min with all UV-lines of the argon 
ion laser (W output 1.9-2.0 W). The solvent was removed at 
0 OC/20 Torr, and the residue was purified by preparative gas 
chromatography to yield a colorless oil (326 mg, 95%): FT-IR 
(gas phase) 3645,3041,2931,2867,1452,1381,1290,1245,1102, 
999,lH NMR (250 MHz, C&) 6 0.20 (m, lH), 0.72 (d, J = 3.7 
Hz,lH),1.06(d, J =  6.2Hz,3H),1.16 (s,3H),1.21-1.55 (m,9H), 
1.66-1.90 (m, 2H), 3.58 (tq, J = 6.0, 6.2 Hz, 1H); lSC NMR (63 
MHz, C&) 6 16.9 (q), 23.8 (q), 24.1 (t), 25.3 (e), 25.9 (t), 26.2 (t), 
27.3 (t), 28.1 (a), 31.4 (t), 39.8 (t), 67.8 (d); MS (70 eV) m/z 167 
(5) [M+], 107 (15), 91 (12), 94 (29), 93 (35), 81 (loo), 79 (46),67 
(22), 55 (27), 53 (25). Anal. Calcd for C11HmO C, 78.51; H, 
11.98. Found C, 78.44, H, 12.22. 

(CHsCN) X (e) 348 m(158);  'H NMR (200 MHz, CDCb) 6 0.93- 

peak area after reaction time t, A. = peak area before the reaction, 
S = substrate, IS = internal standard, and P = product. Thus, 
the amount of unreacted starting material is not included in the 
mass balance. The entries in Table I refer to conversions up to 
whichnosecondaryphotolysis, i.e., change in product distribution, 
was observed. 

Preparation of the Azoalkanes. Solvents and commercially 
available chemicals were purified by standard procedures. 
Column chromatography was carried out on silica gel (0.032- 
0.063 pm). 
1,4-Dimethyl-2,3-diazabicyclo[2.2.l]hept-2-ene (IC) was 

prepared according to the known procedure.l8 
l-(2-Methyl-1,3-dioxolan-2-yl)-3-methylene0~t-2-ene. Un- 

der an argon gas atmosphere l-bromopent-4enen (48.8 g, 329 
mmol) was added by means of a dropping funnel to magnesium 
shavings (7.99 g, 329 "01) in 300 mL of THF at such a rate that 
agentle reflux was maintained. After the addition was completed 
the reaction mixture was refluxed for an additional 1 h until all 
magnesium had disappeared. Upon cooling to -78 OC lithium 
bromide (13.0 g, 150 "01) and copper(1) bromide (23.55 g, 104 
"01) were added carefully. The brownish-gray suspension was 
stirred for 1 h at-78 OC before ~-(2-methyl-1,3-dioxolan-2-yl)but- 
3-ynea (20.0 g, 143 mmol) was administered and the mixture 
allowed to warm to -30 OC. After being stirred for 1 h at that 
temperature, the reaction was quenched with 100 mL of aqueous 
NH&l, which contained 10% potassium cyanide. The colorless 
aqueous layer was extracted with diethyl ether (3 X 100 mL), and 
the combined organic layers were washed with aqueous NHrCl 
(1 x 100 mL) and water (2 X 70 mL). After drying over NazSO, 
and removal of the solvent at 25 OC/20 Torr, the liquid residue 
was distilled in uacuo. The fraction with a boiling point of 84-90 
OC/O.01 Torr was collected (12.5 g, 42%): IR (neat) 3080,2985, 
2930,2880,1685,1450,1380,1230,1065,895; lH NMFt (250 MHz, 
CDCq) 6 1.34 (8, 3H), 1.42-1.44 (m, lOH), 3.92 (s,4H), 4.72 (br 
s, 2H), 5.02 (m, 2H), 5.73 (ddt, J = 17.1, 10.2, 6.8 Hz, 1H); lac 
NMR (63 MHz, CDCh) 6 23.7 (q), 26.9 (t), 30.1 (t), 33.3 (t), 35.6 
(t), 37.3 (t), 64.5 (2 x t), 108.6 (t), 109.8 (s), 114.4 (t), 138.6 (d), 
149.2 (8).  Anal. Calcd for ClsHn02: C, 74.24; H, 10.54. Found 
C, 74.38; H, 10.28. 
S-Methylenedec-9-en-2-one. The above ketal (12.5 g, 59.5 

mmol) was added to a suspension of 10 g of silica gel in 4 mL of 
20% aqueous sulfuric acid and 15 mL of CHzC1z1* and stirred for 
4 h at  room temperature. After filtration and removal of the 
solvent at  25 OC/20 Torr, the distillation of the residue yielded 
a colorless liquid (10.1 g, 96%), bp 87-88 OC/5 Torr: IR (neat) 
3095, 2995, 2950, 2870, 1725, 1650, 1625, 1445, 1420, 1365; lH 
NMR (200 MHz, CDCh) 6 1.42-1.62 (m, 2H), 1.94-2.10 (m, 4H), 
2.08 (8, 3H), 2.25 (me, 2H), 2.55 (me, 2H), 4.66 (br 8, lH), 4.72 (br 
8, lH), 4.88-5.05 (m, 2H), 5.78 (ddt, J = 17.1, 10.2,6.7 Hz, 1H); 
I3C NMR (50 MHz, CDCW 6 26.9 (t), 29.7 (t), 29.9 (q), 33.3 (t), 
35.7 (t),41.9 (t), 109.2 (t), 114.6 (t), 138.6 (d), 148.1 (s), 208.5 (8) ;  
MS (70 eV) m/z 166 (0.1) [M+], 125 (2), 108 (19), 93 (8), 81 (17), 
69 (13), 67 (12), 55 (14), 43 (loo), 41 (18). Anal. Calcd for 
C1iHisO C, 79.46; H, 10.91. Found C, 79.67; H, 11.22. 

(27) Antczak, K.: Kinmton, J. F.: Alward, S. J.: Fallis, A. G. Can. J. - 
Chem. 1984,62,829. 

S .  L. J. Org. Chem. 1986,51, 2687. 
(28) Flahaut, J.; Migniac, P. Helu. Chim. Acta 1978,61,2276. Abidi, 
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General Procedure for PET Reactions. All photolyses were 
carried out on 5-mL samples in a closed system, which was 
provided with a gas inlet, a sampling inlet, and a cold finger. The 
solutions were ca. 0.015Min substrate and contained n-dodecane 
for lb, 2b and n-nonane for IC, 20 as internal GC standard. The 
sensitizers 9,10-dicyanoanthracene (DCA) or 2,4,6-triphenyl- 
pyrylium tetrafluoroborate (TPT) were added (10 mol %) and 
the solutions purgedwith argon gas for 15 min prior to photolysis. 
In the case of DCA, which is only partially soluble (ca. 1od M), 
saturated solutions were employed and the photolyses were run 
in the presence of undissolved material. The cosensitizer biphenyl 
was used in 10 molar excess (0.15 M). 

The irradiations were performed at -5 'C with X > 400 nm 
while stirring magnetically. The progress of the photolyses was 
monitored at appropriate intervals by capillary GC. For lb,  2b 
an OV-1 column was operated at 100 OC for 1 min and then raised 
within 10 min to 150 OC for 20 min at injector/detector 
temperatures of 175/175 OC and a carrier gas (He) pressure of 
0.8 bar. The carbowax column was operated at 80 OC for 2 min 
and then raised within 4 min to 120 OC for 20 min under otherwise 
identical conditions. To elucidate the structure of the products 
3b,b', 5, and 6, a preparative run was conducted in which 460 mg 
(2.34 mmol) of azoalkane l b  in 50 mL of CHsCN was irradiated 
(A > 400 nm) for 8 h in the presence of DCA (200 mg, 0.74 mmol; 
added in portions of 50 mg each 2 h) and biphenyl (3.45 g, 22.4 
"01). The reaction mixture was concentrated by removing the 
solvent by distillation on a 30-cm Vigreux column. The products 
were separated through preparative gas chromatography on a 
1.5-m glass column, which was packed with 10% SE 30 on 
Volaspher A2. The column was operated at 120 OC with the 
injector/detector temperatures at 160 OC/160 OC and carrier gas 
(Nz) pressure of 1.8 bar. 
2,7-Dimethyl-6-oxaspiro[4.5]dec-l-ene (5). The unsatur- 

ated spiro ether 5 was obtained as amixture of two diastereomers 
(M), which were separated by preparative GC with the above 
conditions. (R*,R*)-5: FT-IR (gas phase) 2985,2938,2865,1654, 
1451,1379,1230,1225,1081,1018; 'H NMR (250 MHz, CDCld 
6 1.04 (d, J = 4.6 Hz, 3H), 1.251.65 (m, 6H), 1.69 (br 8, 3H), 
1.78-2.43 (m, 4H), 3.55 (m, lH), 6.02 (ps q, J=  1.6 Hz, 1H); 13C 
NMR (63 MHz, CDCls) 6 17.2 (q), 21.3 (t), 22.7 (q), 33.4 (t), 34.2 
(t),35.7 (t),40.1 (t), 68.3 (d), 87.6 (s), 125.5 (d), 144.7 (8); MS (70 
eV) m/z 166 (23) [M+], 151 (91,107 (12), 98 (ll), 97 (100),96 (74), 

found 166.136 (MS). (R*,S*)-6 FT-IR (gas phase) 2995,2957, 
2868, 1655, 1451, 1380, 1338, 1208, 1083, 1020; lH NMR (250 
MHz, CDCb) 6 1.12 (d, J = 6.2 Hz, 3H), 1.35-1.69 (m, 6H), 1.72 
(d,J=1.5Hz,3H),1.97(pst,J=7.6Hz,2H),2.11-2.42(m,2H), 
3.57 (a, lH), 5.22 (ps q, J = 1.6 Hz, 1H); 13C NMR (63 MHz, 

94 (25), 91 (30), 81 (22), 79 (35), 53 (31), CllHlsO calcd 166.136, 

CDCl3) 6 18.6 (q), 22.7 (t), 24.3 (q), 34.0 (t), 34.5 (t), 35.5 (t), 36.7 

(t), 68.3 (d), 87.7 (s), 129.9 (d), 140.8 (8); MS (70 eV) m/z 166 (7) 
[M+l, 149 (9), 97 (100),96 (68),94 (18),91(25), 81 (73), 79 (a), 
77 (241, 55 (31), 53 (28); CllHlSO calcd 166.136, found 166.135 
(MS). 
2,7-Dimethyl-6-oxaspiro[4.5]decane (6). The saturated 

spiro ether 6 was obtained as a mixture of four diastereomers 
(22:1:1),whichcouldnotbeseparated by GC: FT-IR (gasphase) 
2933, 2871, 1453, 1377, 1305, 1269, 1218, 1122, 1084, 1023; lH 
NMR (400 MHz, CDZC12) of the two major isomers 6 0.94 (d, J 
=6.6Hz,3H),0.97(d, J=6.7Hz,3Ht),1.03(d, J=6.1Hz,3H), 
1.05 (d, J = 6.1 Hz, 3H'), 1.08-2.26 (m, 13 H + 13 H'), 3.45-3.56 
(m, 1H + 1H'); lH NMR (400 MHz, CD2C12) of the two minor 
isomers 6 1.00 (d, J= 6.7 Hz, 3H), 1.01 (d, J= 6.7 Hz, 3H3,1.04 
(d, J = 6.1 Hz, 3H), 1.05 (d, J = 6.1 Hz, 3H'), 1.08-2.26 (m, 13 
H + 13 H'), 3.45-3.56 (m, 1H + 1H'); 13C NMR (63 MHz, CDtC12) 
of all four isomers 6 20.0 (2 X q), 20.2 (q), 20.3 (q), 21.1 (t), 21.3 
(t), 22.2 (2 x t), 22.3 (q),22.4 (2 X q), 22.5 (q),32.0 (d), 32.1 (t), 
32.3 (t), 32.8 (t), 32.9 (d), 33.0 (t), 33.3 (d), 33.4 (t), 33.5 (t), 33.7 
(2 X t), 33.8 (d), 35.5 (t), 35.7 (t), 36.0 (2 X t), 41.2 (t), 41.5 (t), 
41.9 (t), 42.4 (t), 50.4 (t), 50.5 (t), 50.7 (2 X t), 66.8 (d), 67.3 (d), 
67.4 (d), 67.8 (d), 83.4 (s), 83.5 (s), 83.7 (81, 83.9 (8); MS (70 eV) 
m/z 168 (11) [M+], 139 (20), 125 (36), 112 (loo), 98 (14), 97 (l6), 
83 (22), 81 (44), 71 (14), 69 (22), 55 (37); CiiHzoO calcd 168.151, 
found 168.152 (MS). 

l-(4-Hydroxypentyl)-3-methylcyclope~nt-l-ene (3b). FT- 
IR (gas phase) 3655, 3039, 2957,2876, 1649, 1457,1379, 1246, 

1.11 (d, J = 6.1 Hz, 3H), 1.19-1.55 (m, 6H), 1.92-2.20 (m, 5H), 
2.63 (br s,lH), 3.74 (Q, lH), 5.16 (ps quin, J = 1.7 Hz, 1H); lac 
(t), 34.7 (t), 39.1 (t), 39.8 (d), 68.1 (d), 129.9 (d), 143.6 (8 ) ;  MS (70 
eV) m/z 168 (4) [M+l, 150 (14), 135 (32), 108 (60), 106 (33),95 
(28), 94 (33), 93 (loo), 81 (721, 79 (87), 67 (47); CiiHzoO calcd 
168.151, found 168.152 (MS). 
1-(4-Hydroxypenty1)-3-methylcyclopent-2-ene (3b'). PT- 

IR (gas phase) 3655, 3039, 2931, 2869, 1654, 1453, 1381, 1246, 
1107,941; 1H NMR (250 MHz, CDCU 6 1.11 (d, J = 6.1 Hz, 3H), 
1.14-1.41 (m, 8H), 1.62 (br s,3H), 1.92-2.18 (m, 3H), 2.60 (br 8, 
1H), 3.70 (m, lH), 5.18 (ps sept, J = 2.2 Hz, 1H); 13C NMR (63 

(t), 39.6 (t), 45.8 (d), 68.2 (d), 128.9 (d), 140.1 (8 ) ;  MS (70 eV) m/z 
168 (5) [M+], 108 (101,107 (29),94 (25),93 (20), 81 (loo), 79 (281, 

(MS). 
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1101,942; 'H NMR (250 MHz, CDCls) 6 0.91 (d, J = 6.9 Hz, 3H), 

NMR (63 MHz, CDC13) 6 21.4 (q), 23.5 (q), 23.9 (t), 31.1 (t), 32.5 

MHz, CDCl3) 6 16.6 (q), 23.5 (q),24.1 (t), 30.8 (t), 36.3 (t), 36.4 

77 (ll), 66 (6), 53 (13); C11Hm0 d c d  168.151, found 168.151 


