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Abstract: Several novel electron-rich aryl- 
allenes have been synthesized, character- 
ized, and used as dienophiles in the radi- 
calsation-catalyzed cycloaddition with 
1,2,3,4,5-pentamethylcyclopentadiene, 
which affords, in most cases, the Diels- 
Alder products in 5min at 0°C with a 
high pen-, chemo-, facial, and stereoselec- 
tivity. In line with oxidation-potential 
considerations it is concluded that the 
electron-transfer-induced reaction pro- 

ceeds along a [3 + 21 pathway by cycload- 
dition of the diene radical cation to a neu- 
tral allene with a rather short chain 
length. The low cycloaddition yields from 

Introduction 

In recent years, the radical-cation-catalyzed Diels- Alder (DA) 
reactionf1- 31 has become a prominent example for the potential 
of electron-transfer (ET) activation, in part owing to the striking 
rate accelerations as encountered in the Diels -Alder cy- 
clodimerization of cycl~hexadiene,[~.'~ and also for the potential 
to trigger transformations that have not been realized by any 
other method. Reactions such as Diels- Alder cycloadditions 
with ketenesI61 and ind0les[~1 as dienophiles, of vinylindoles[81 to 
carbazoles and pyrido[l,2 alindoles have impressively under- 
lined the increasing utility of this methodology. 

Despite these and many other successful examples, the mech- 
anistic complexity of such a reaction mode is far from being well 
understood. In early years most authors on radical-cation-cata- 
lyzed cycloadditions supported the (4 + 11 pathway as an exclu- 
sive and concerted although nonsynchronous pathway.''] While 
orbital symmetry considerations classify the [4+ 11 mode as for- 
mally more recent investigations have indicated that 
the formally symmetry-forbidden [3 + 21 mechanism is certainly 
a viable lowenergy ' 1  However, increasing evi- 
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I**] Radical-Cation-Catalyzed Reactions, Part 8. Part 7: see ref. [I]. 

some of the allenes are interpreted as evi- 
dence for a stepwise mechanism involving 
distonic radical cations as key intermedi- 
ates. We discuss the tendency of the dis- 
tonic radical cations to undergo ring clo- 
sure to the Diels - Alder-product radical 
cations in terms of enthalpy consider- 
ations, which, we suggest, offer a novel 
criterion for the design of stepwise radical 
cation reactions. 

dence has been presented to show that such a [3+2] reaction 
mechanism is best described as nonconcerted with a distonic 1,6 
radical cation as a crucial 

We have very recently reported on the first examples of a 
radical-cation-catalyzed cycloaddition of allenes,'121 a reaction 
that proceeded at 0°C in 5 min with an astounding degree of 
peri-, chemo-, facial, and stereoselectivity when 1,2,3,4,5-pen- 
tamethylcyclopentadiene was used. From the results of various 
mechanistic tests it was inferred that the reaction proceeded 
along a [3+2] pathway with a rather short chain length by 
cycloaddition of the diene radical cation to a neutral allene. 
Unfortunately, with an ethoxycarbonyl group at the remote end 
of the allene functionality the cycloaddition constituted only a 
minor reaction path. In addition, only a very narrow range of 
dienes seemed to be tolerated. To understand the mechanism 
and the limitations of this radicalsation-initiated cycloaddition 
we started the present investigation to examine the compatibili- 
ty of a large variety of substituents in radical-cation-catalyzed 
processes. Our experimental results have led to the formulation 
of a novel criterion enabling the prediction of the tendency of 
intermediate distonic radical cations to undergo ring closure to 
the Diels- Alder products. 

Results 

For a complete overview we have included some of the results of 
earlier investigations"'] with allenes 1 a-c and 1 n,o. 
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8: R =  H 
b : R = C Y  
c: R = CYOH 
d: R = C y o C o c b  
0: R = CYOCOpAn 
t R = CyoCOC(C~)=Cl+ %'' 'pTd 

l,-ln a: R = CYOCoNHcsY 10 
h: R = CYO-CAM 
I: R= CYCZPAM 
k: R = CYNEh 
I: R =  COW 
m: R = CONEh 
n: R = CqEt 

I" 
bc' '@ 

Synthesis of allews: The synthesis of allenes 1 a-c and 1 4 0  has 
been described earlier,[lZb1 but since the reported preparation of 
1 c proved to be unsatisfactory for larger amounts, we have used 
an alternative 4-step approach relying on the LAH-induced re- 
arrangement of 4-methoxy-4-(4-methoxyphenyl)pent-2-yn-l-01 
(Scheme 1) in analogy to Olsson and Claesson's 

With allene 1 c to hand in larger quantities, the allene esters 
1 d-i could be prepared relatively easily by reaction with the 
corresponding acid chlorides. The amino-substituted allene 1 k 
was prepared from the BuMgBr/CuI-induced rearrangement of 
N,N-diet hyl-4-methoxy-4-(4-methoxyphenyl)pent-2-yn-l -amine 
(Scheme 2, 37 'YO yield after chromatography). The acceptor- 

Scheme 2. 

substituted allenes 1 m and 1 n112bl were obtained from Horner- 
Wadsworth- Emmons reactions of (4methoxyphenyl)- 
methylketend61 with diethyl (diethylcarbamoylmethy1)phos- 
phonate and diethyl (ethoxycarbonylmethyI)phosphonate, re- 
spectively, the latter allene providing the allenic acid 11 after 
ester hydrolysis. 

The structural identity of all allenes was deduced from their 
spectral data, some of which are listed in Table 1. Characteristi- 
cally, for all allenes t(C = C = c) showed up between 1937 and 
1955 cm-', and the I3C NMR resonances of the central carbon 
of the allene moiety between 6 = 202 and 21 5. 

Cyclic voltammetry investigatim of allenes 18-0: In order to 
understand the relevance of the difference in oxidation potential 
between diene 2 and the various allenes, we determined the 
oxidation potentials of 1 a-n (except for 1 i[l41) by cyclic voltam- 

Table 1. Characteristic spectroscopic data of allenes 1. 

i(C=C=C) 'H NMR (a) "C NMR (a) Allene Em C=C=C-H C=C=C 
(V vs. Fc) (an-') 

0.94 
0.93 
0.95 
0.92 
0.92 
0.95 
0.89 
0.93 
n.d. [b] 
0.67 
1.08 
0.98 
1 .11  
1.23 

1937 
1955 
1955 
1945 
1950 
1949 
1945 
1950 
1954 
1948 
1941 
1950 
1943 
1930 

4.99 
5.38 
5.67 
5.58 
5.68 
5.56 
5.65 
5.61 
5.62 
5.43 
5.88 
6.14 
5.85 
5.23 

n.d. [bJ 
204.51 
202.50 
204.03 
205.24 
205.10 
205.07 
205.47 
205.44 
204.64 
215.49 
209.83 
214.02 
n.d. [b] 

~~~~~~ ~ ~ ~~ 

[a] Taken from ref.[12bJ. [b] Not determined. 

metry vs. Fc.[lsl Unfortunately, all allenes exhibited only irre- 
versible oxidation waves at all scan rates applied in acetonitrile 
or methylene chloride, so we can only report on the anodic peak 
potentials. Even when we investigated the allenes by fast-scan 
cyclic voltammetry with scan rates up to 50000 Vs-' only irre- 
versible signals were obtained. 

The oxidation potentials of products 3 and 4 have not been 
measured, except for that of 3h, 4h (Epa = 1.02 V vs. Fc). It is 
expected that E, is 1.02+0.10 V for all Diels-Alder products 
3,4a-n, since the main electrophore remains unchanged (the 
anisyl group). 

Synthesis of aorbornenes 3,4: While norbornenes 3a-h, 4a-h 
and h , o ,  4n,o have been prepared through the radical-cation- 
catalyzed cycloaddition of 1 to 2 (Scheme 3),'16' some of them 
(3d-h, 4d-h) were more con- 
veniently isolated from the re- 
action of 3c, 4c with the cor- 
responding acid chlorides 

norbornenes 31, 41 were 1 ~ 1 ~  
formed in the radical cation 
reaction to an extent so small 
as to preclude simple isola- 
tion. Because. of their great 
structural similarity with 3 a- 

less be unambiguously as- 
signed in the crude reaction 
mixture, as shown by the data 
in Tables 2 and 3. 

The structures and the stereochemical relationships of all nor- 
bornenes were readily identified from the isomer mixtures by 
comparison of their 'H and I3C NMR resonances with those of 
norbornenes 3 b, 4 b (see Tables 2 and 3). The structures of the 
endo-norbornene 3b and of the corresponding exo-isomer 4b 
have been unambiguously determined by X-ray analysis1171 and 
extensive NOE investigations,112bl thus providing a reliable ref- 
erence. No diastereoselectivity was observed in the cycloaddi- 
tion leading to norbornenes 3h and 4h. The ratio of the 
diastereomers (1 :I) could readily be determined based on differ- 
ent 'H NMR resonances for the 13-H and the methoxy group 
for the two endo- and the two exo-diastereomers. However, no 
full assignment of the diastereomers was undertaken. Charac- 
teristically, all norbornenes exhibited strong signals for a retro- 
DA cleavage in the mass spectra. 

(except 3g, 4g). In contrast, 

6 

&:+j$p 
h, 4a-h, they could neverthe- H H 

4a4a - 
Scheme 3. 
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Table 2. Characteristic 'H NMR shifts of some selected cycloadducts 3.4 (solvent 
CDCI,, all shifts d vs. TMS). 

3.4 

CYC~O- d(7-H) d(10-H) d(12-H) 6(13-H) d(14-H) 
adduct 
3 . 4 3  4 3 4 3 4 3 4 3  4 

a [a] 1.91 1.81 0.55 1.55 0.68 0.57 1.48 1.27 4.64.4.94 4.64.4.98 
b[a] 1.87 1.78 0.57 1.48 0.68 0.54 1.53 1.35 5.22 5.28 
c [a] 1.94 1.86 0.60 1.50 0.70 0.60 1.54 1.36 5.38 5.44 
d 1.96 1.86 0.59 1.50 0.69 0.58 1.36 1.36 5.31 5.37 
e 1.91 1.82 0.54 1.50 0.62 0.52 1.54 1.34 5.36 5.36 
r 1.96 1.85 0.60 1.50 0.70 0.57 1.55 1.37 5.35 5.41 
g 1.96 1.88 0.59 1.51 0.70 0.59 1.56 1.37 5.36 5.40 
b 1.85- 1.85- 0.60 1.48 0.69 0.59 1.54 1.37 5.33 5.40 

2.03 [b] 2.03 [b] 
I 2.01 2.01 0.63 1.48 0.70 0.61 1.68 1.50 5.77 5.83 
n [a] 2.03 1.99 0.64 1.50 0.72 0.62 1.70 1.52 5.75 5.83 
o [a] 1.94 1.85 0.55 1.50 0.69 0.58 1.50 1.30 4.66.4.96 4.66,4.99 

[a] 'HNMR data taken from ref. [12b]. P] Coincides with other signals. 

Table 3. Some characteristic "C NMR shifts of cycloadducts 3b-b and 311-0 
(solvent CDCI,. all shifts 6 vs. TMS). 

394 

CYC~O- d(C-I. C-4) 6(C-2, C-3) d(C-5) 6(C-6) d(C-7) 6(C-14) 
adduct 

~~~ ~ ~ 

3b [a] 57.92, 60.10 
3c [a] 58.12. 60.24 
3d 58.46,60.36 
3e  58.50. 60.38 
3r 58.39, 60.28 
3g 58.50, 60.38 
3 b  58.46, 60.30 
30 [a] 60.49. 60.58 
30 [a] 58.26, 59.69 

~~~ ~ 

136.50, 137.81 
137.58. 138.08 
137.54. 138.00 
137.98 
137.52, 137.92 
137.63, 138.07 
137.39. 138.13 
138.11. 140.71 
134.54. 137.79 

53.14 
53.79 
53.96 
55.21 
53.91 
54.02 
53.96 
56.26 
54.93 

153.44 
156.60 
157.60 
157.56 
151.48 
157.61 
157.55 
166.00 
164.02 

56.90 
57.26 
55.22 
55.49 
55.14 
55.21 
55.12 
55.19 
57.77 

111.14 
116.11 
111.42 
129.84 
129.73 
129.77 
110.50 
109.63 
101.97 

[a] I3C NMR data taken from ref. [12b]. 

The aminium salt initiated cycloaddition of allenes 18-0 (extxpt 
lP4I) to 2:[181 Based on our previous experiencerl2I we used 
aminium salt ET1" (E,,2 = 0.37 V) as the sole one-electron 
oxidant for the radicalation-initiated cycloadditions since its 
redox potential compared favorably with that of diene 2 
(Ep, = 0.54 V). In all cases studied a ratio of 1:2:ET1'+ = 
5: 1 : 1 provided the,best cycloaddition yields if di-tert-2,6-butyl- 
pyridine (5) was If the base was omitted the yields 
of cycloadducts were reduced and higher amounts of polymers 
were formed, except in the cycloaddition of 2 to allenes 1 f, g, I, 
and n, which exhibited an inverse behavior (Table 4). If yields of 
3, 4 turned out to be low, in most cases-unless noted other- 
wise-intractable oligomeric products were formed. 

The pbotoinduced electron transfer (PET) initiated cycloaddition 
of allenes 1 a.c with 2: Several different sensitizers and various 

CN CN 
I 

f f l  
ETl4 ET2 ET3 

Ph PAn 

WE) 
9 

W4 

ET4 ET6 ETS 

Table 4. Yields [a) for the aminium salt initiated cycloaddition of 1 a-o and 2 to 
givecycloadducts3a-o,4a-o(ratio 1:2:ET1 = 5:l:l. bases). 

Allene Base 5 Yields 3.4 (%) Allene Base5 Yields 3.4 (%) 
(endo: exo) (endo:exo) 

1a[b] + 
Ib[b] + 
lc[b]  + 
I d  + 
l e  + 

- 

- 

- 

i r  + 
1g + 

- 

80 (5.2:l) 
37 (5.2:l) 
72 (7:l) 
52 (4.8:l) 
81 (5.2:l) 

46 (4.8:l) 

51 (4.1 : 1) 
25 (4.0:l) [d] 
8 (4.3: I )  [el 

27 (4.4:l) [el 
21 (4.3: 1) [d] 
25 (4.3: 1) [d] 

- [cl 

- [cl 

l b  + 
- 

l i  not det. [Q 
not det. [a 
not det. 

l k  + 
11 + 
I m  + 
ln[b]  + 

- 

- 

- 
1 o P l  + 

- 

39 (8.8:l) 
28 (6:l) 
not det. [fl 
not det. [fl  

not det. 
- [PI 

10 PI 
- F1 
- [il 

4 PI 

5 (4: 1) [k] 
11 (10:l)[k] 
60 (4: 1) 
7 (6:l) [k] 

[a] Determined by 'H NMR with acetophenone as internal standard. [b] Taken 
from ref. [12 b]. [c] By-products, probably formed by acid catalysis. [d] Polymeric 
compounds detected, probably formed by oxidation of an inkmediate similar to 
9f. [el Polymeric compounds detected, probably formed by oxidation of9t [fl Not 
determined because of a high degree of decomposition of the parent allene l i .  
k] Allene 1 k was re-isolated. [h] Endo and ex0 product, no more allene 1 I was 
detected. [i] Raw mixture contained only the duc t s  (besides ET1). [k] Further 
products detected. see ref. [lzb]. 

concentrations and conditions to initiate the cycloaddition have 
been tested. In the PET reaction of 1 a and 2 with ET2 or ET3 
and the pyrylium salts ET4 and ETS no DA adducts were 
afforded. DA cycloadducts could only be obtained in the pres- 
ence of biphenyl (ET6) as a cosensitizer in conjunction with 
ET2 and ET3, when the latter two were used in rather high 
amounts. In general, ET2 proved to be superior to ET3, and 
these reactions are listed in Table 5. 

Discussion 

While the present results demonstrate the potential of electron 
transfer under mild conditions successfully initiating Diels - 
Alder reactions with electron-rich allenes as dienophiles in the 
presence of various functional groups (la-h), it has become 
obvious that some substituents (1 k-n) are poor choices for a 
radical cation reaction (see Table 4). Hence, in the following we 
will elaborate on some of our novel findings in order to provide 
a more detailed and comprehensive understanding of radical 
cation catalysis. 
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Table 5. PET-induced reactions (ratio 1.2 = 5 : 1 , 0 . 2 ~  LiCIO, [a]. solvent acetoni- 
trile [b]). 

Allcne mol% ET6 [cl mol% ET2 [c] Yields Irradiation time 
3 4  

l a  - 
l a  500 
l a  200 
Is 500 
l a  500 
I .  500 
l a  [d] 500 
l a  500 
l a  500 
I c  [d] 500 
Ic  [dl 500 

- 

20 
20 
20 
20 
20 
60 
60 
20 
20 

- ~ 5 d  
3 2  2 d  

traces traces 5 d  
5 2  5 d  
9 4  5 d  

10 6 2 d  
10 6 2 d  
14 I1  2 d  
14 14 5d 
13 3 2 d  
17 3 3 d  

[a] Addition of lithium perchlorate reduces electron back-transfer in the 
[ETZ'-.Z'+]contact ionpair("salteffect") byformationof[ETZ'-.Li+j. [b] Polar 
solvents are known to ease separation of contact ion pairs. [c] Related to 2. 
[d] 250 mol% Sodium bicarbonate (related to 2) was added. 

PET-induced cycloaddition of 1 a, c and 2: The photoinduced 
cycloaddition was probed for allenes l a  and l c  with several 
different acceptors. An analysis of the driving force for the 
initial ET step by the Rehm - Weller equation[1g1 indicated that 
both allenes and diene should efficiently quench the excited 
acceptors. Indeed, in the UV spectrum of 2/ET2 a weak charge 
transfer absorption at A,,, = 367 nm ( E  = 10) could be detected, 
suggesting that exciting ET2 should result in formation of 
[ET2'-.2'+], but no reaction was observed when ET2-ET5 
were used. However, the cycloaddition was initiated with ET2 
in the presence of biphenyl (ET6) as a cosensitizer. This may be 
indicative of a fast electron back-transfer from [ETT- .2'+] 
to regenerate the reactants or alternatively of a rather slow 
reaction of 2'' with allenes la,c. In the presence of large 
amounts of ET6 (200-500 mol%) the excited acceptor ETt* is 
now predominantly quenched to generate the ion pair 
[ET2'-.ET6+], which separates by diffusion to provide a high 
yield of free ions.[201 Importantly, with ET2/ET6 the DA cy- 
cloadducts 3, 4 were formed in up to 28 YO yieldtz1' with yields 
increasing the higher the amount of ET2. This dependence on 
the amount of oxidant likewise showed up when chemical oxida- 
tion was A decisive disadvantage of the PET-induced 
reaction, however, is the fact that long irradiation times were 
needed (up to 5 d) that are not compatible with photochemical 
and thermal stabilities of allenes 1. Thus, thermal oxidation has 
proven far superior to PET initiation. 

The mechanism: In our earlier we excluded an 
acid-catalyzed pathway to the Diels- Alder cycloadducts and 
proposed a radical-cation chain process with a rather short 
chain length. This suggestion is indeed now being confirmed by 
the results from PET initiation, although the yields of 3, 4 were 
rather moderate regardless of which PET system was used. Nev- 
ertheless, formation of the Diels- Alder products in the PET 
format points unambiguously to radical cations as reactive spe- 
cies and rigorously excludes reactant/aminium salt complexes as 
reaction intermediates. The role of the base is to trap the acid 
liberated from the acidic radical cations and to avoid acid-cata- 
lyzed processes.1121 

The question of a [3+2] or a [4+1] mechanism [Equations 
(i)-(iii) and (iv)-(vi), respectively; DA = Diels- Alder product] 
for radical-cation-catalyzed cycloadditions has initiated a lively 
controversy over the last decade. A [4+ 11 mechanism has been 
favored for years, since in contrast to the [3+2] variant it is 
formally symmetry-allowed[221 and in essence all of the earlier 

radical-cation DA cross-reactions involved readily oxidizable 
d i e n o p h i l e ~ . [ ~ ~ ~ ~ . ~ ~ I  Recent work from several '1 

however, has disclosed that the [3 + 21 pathway is a viable mech- 
anistic choice, if the diene prefers the s-cis conformation as does 
2. Since a comparison of the anodic peak potentials of allenes 
18-0 (see Table 1 )  with that of diene 2 (Epa = 0.54 V) reveals the 
diene as the component with the lowest oxidation potential and 
since DA product yields could be improved in all successful 
cases when the allene was present in a fivefold excess over the 
diene[12b1 we propose a clear preference for the [3 + 21 pathway. 

[3 + 21 mechanism : 

diene - e-  + diene'+ (9 
diene'+ + allene + DA'+ (ii) 
DA'+ + diene (or NR,) +, DA + diene'+ (or NR;') (iii) 

[4+ 11 mechanism: 
allene - e- -+ allene'+ 
allene'+ + diene + DA" 
DA" + allene (or NR,) + DA + allene'+ (or NR;') (vi) 

Cycloaddition at the radical cation stage: The above mechanistic 
discrimination between [4 + 11 and [3 + 21 mechanisms does not 
necessarily have any bearing on whether the cycloaddition oc- 
curs in a concerted or stepwise mode. Unfortunately, no stereo- 
chemical markers are available in the present cycloaddition that 
could testify concerning the intermediacy of a distonic radical 
cation. Nevertheless, several results that are discussed in detail 
below provide strong evidence for a stepwise mechanism. 

Cycloaddition with allenes 1 a- 1 n: The various allenes used in 
the aminium salt initiated cycloaddition may be roughly 
grouped into three categories: a) allenes with two or three elec- 
tron-rich substituents, such as 1 a-h, which permit DA cycload- 
dition in yields up to 81 YO; b) allenes with one electron-with- 
drawing substituent at the remote end of the allene electrophore, 
such as 1 I-n, which undergo only very moderate DA cycloaddi- 
tion; and c) the allene 1 k with an amino group at the remote 
end that is reluctant to undergo DA reaction at all. Intriguingly, 
the successful cycloadditions of l e  and I g  demonstrate that 
even redox-sensitive functionalities such as a pmethoxybenzoyl 
and a carbamate group are tolerated in the radical cation for- 
mat. Unfortunately, no diastereoselectivity was evinced in the 
cycloaddition of 1 h with 2, because the camphanoyl group is too 
remote from the allene double bond. While allene 1 i certainly 
should be more promising in this respect it proved to be too 
unstable for the cycloaddition format.[141 

Electronic and steric substituent effects: The failure of allene 1 k 
to react in the radical-cation DA reaction is most easily ex- 
plained by taking a closer look at its oxidation potential. Since 
EJ1 k) = 0.67 V is considerably lower than the E,. values of all 
other allenes, the amino group constitutes the electrophore with 
the highest HOMO energy and likewise the highest nucleophilic- 
ity. Although in the aminium salt initiated cycloaddition of 1 k 
and diene 2 the latter is still the most readily oxidizable compo- 
nent, the resulting 2'+ should be attacked by the amino group of 
1 k rather than by the allene bond system. 

In contrast, the situation with allenes 1 I-m is more compli- 
cated and needs some detailed discussion. Although only a very 
small yield of 4-5% DA products is recorded for allenes 1 I,n 
and 2, we have to remember that in the absence of base 5 the 
yields are more than doubled. As steric interactions of the sub- 

1034 - (D VCH Verlagsgesellscha/r mbH, 0-69451 Weinheim, 19% 0947-6539/96/0208-l034 $15.00+ ,2510 Cheni. Eur. J 1996,2, No. 8 



stituent R should exert only a small effect on the cycloaddition 
(see 1 d vs. 1 h), the low yield is certainly attributable to electron- 
ic effects caused by the electron-withdrawing substituents. How- 
ever, it should be pointed out that oxidation potential differ- 
ences of the two reactants, AE,, = E,,(l I or 1 n) - EJ2) = 0.54 
or 0.57V, respectively (an argument quite often cited in the 
recent Iiterature[lo1), cannot account for this drop in yield, since 
with I-tolyl-1-methylallene (1 0)  a satisfactory yield of 60% 
was although AEpa = E,,(lo) - E,,(2) = 0.69 V 

(Scheme 4). However, 
electronic effects exert- 
ed by R = COOH and 
COOEt should only 
play a minor role in a 
concerted pathway, 
since the C-C bonds 

c + 2  - e O'C.5min 

6 0 % H  

l o  30,k 

ml+ * Yc." 

~ T o I  base6 

Scheme 4. develop almost perpen- 
dicular to the exo- 

methylene group. The observed low yields from 11 and In 
provide strong evidence for a stepwise mechanism of the cy- 
cloaddition, which would allow the various functionalities R at 
the far end of the exo-methylene group to exert some influence 
at the stage of a distonic radical cation 6 +. The reaction course 
in Scheme 5 is thus conceived. In the initial step of the radical 

cation cycloaddition 
2'+ is attacked by the 
allene 1, presumably 

i ~ +  2 +. - eAr- the faster the smaller 

AEP. = EPAU - Ep,(2), 
in line with FMO con- 

@a*+ - siderations.[lOl At this 
point in the discussion, 
we cannot exclude the 
possibility of a concert- 
ed reaction for the elec- 

R' tron-rich allenes 1 a-h, 
but the cycloaddition 

7.4*' )M,&o+' should Droceed in a 

*I:* 
Scheme 5 stepwise manner for al- 

lenes with electron- 
withdrawing substituents R as in 11-n. This mechanistic hy- 
pothesis necessarily leads to the formulation of the distonic 
radical cations 6'+, which ought to develop a two-center-one- 
electron bond in the transition state [7 '+ ] * [251 before giving rise 
to 3 , 4 + .  In the product radical cations the charge and spin is 
expected to be localized on the aromatic ring and not in the 
newly established carbon -carbon 

Mechanistic details of the steDwise cvcloaddition: But what is the 
kinetic barrier to C-C bond formation when such an open 
radical cation converts to 3, 4 +  via transition state [7"]*? 
Simple ionization potential considerations indicate a distinct 
difference for the distonic radical cations 61-11'' as opposed to 
6a-h". Indeed. when we look at the oDen distonic radical 
cations, there are two options for the charge distribution 
(Scheme 6). Interestingly, for all substituents Ar and R studied 
so far there is a clear preference for the charge distribution as in 
6 + .  However, while for systems a-h the enthalpy difference 
A&(S+)  - AHF(6+)[27J is of the order of 0.37 - 0.45 eV,r281 it 
is substantially increased to 0.71 - 0.89 eV for systems contain- 
ing electron-withdrawing groups as in I-n. It seems quite likely 
on the basis of simple FMO considerations that formation of 3, 
4 '  via transition state [7"]* should depend to some extent on 
AHF(8'+) - A&(6'+), as the positive charge has to develop into 
the carbon -carbon bond between the two centers and needs 
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* --$& stabilization from both 
fragments. But what 
would one expect if this 
ring closure reaction is 

Ar Ar 

slow? Obviously an- n H 
other typical reaction b o + .  lks+ - 
of radical cations, 
rapid C-H deprotona- 
tion, which could be re- 
sponsible for excessive 

dant['2bl and thus for a 
H depletion of oxi- Ar 

H 

B m 4  
short chain length, 
should start to divert 10. 11.4' 

the reaction Scheme6. Two charge distributions in the 

from the cycloaddition open distonic radical cations are conceivable: 
6a-0'+ or 8a-o'*. Ionization wtentials of 

Pathway. Such behav- 
ior is indeed observed 
with 1 I , ~  and 2, since 
here, quite in contrast 
to most other systems, 
the cycloaddition yields can be increased through removal of 
base 5, thus avoiding excessive deprotonation of intermediate 
radical cations. With 1 m the situation is even more disastrous 
than for 1 I, n as the CONEt, functionality may act as an internal 
base that diverts 6m" to deprotonation, independent of 
whether base 5 is added or not. 

the two radical sites in the biradiAl9a-0 were 
approximated from the ionization potentials 
of radicals lo' and Ila-0' as representative 
fragments of 9.-0 1271. 

For allenes 1 a-h an almost constant anodic peak potential 
between 0.89-0.95 V is registered, indicating that variations in 
the substituents in other locations on the molecule do  not exert 
any significant effect on the HOMO energy of the allene. Ac- 
cordingly, one would naively expect the cycloaddition with 2'+ 
to be equally facile for all the allenes. Nevertheless, we observe 
distinct differences in the DA cycloaddition yields in the pres- 
ence of base 5. For instance, while the switch from R = H to 
CH, and CH,OH (la-c) does not greatly affect the yields of 
between 72 and 81 YO, simple esterification to CH,OC(O)CH, 
and CH,0C(0)C6H,0CH3 (1 d, e) reduces the cycloaddition 
yield to about 50 YO. As oxidation potential differences in allenes 
1 are certainly negligible this trend seems to be brought about by 
the increased steric requirements of the latter two remote sub- 
stituents R, the more so since with R = CH,O-CAM (1 h), an 
even more sterically demanding group, the yield is further re- 
duced (38 %). 

However, with I f  the situation is much more complicated; 
yields are rather low (8%) but certainly not because of steric 
bulk. For a deeper insight, we have to take into consideration 
the surprising fact that the DA yield is significantly increased 
(27%) upon removal of base 5, as with 11,n. While this behavior 
cannot be understood on the basis of a concerted cycloaddition 
mechanism, again the stepwise mode offers a straightforward 
explanation. One may readily conceive a distonic radical cation 
6f '+ .  which should ring-close as rapidly as 6a-e'+ to 3, 4f" 
(based on AK(8 +) - AK(6+) considerations). However, in 
contrast to those it may be diverted in an intramolecular and 
reversible radical addition reaction[291 furnishing either a 6- or 
8-membered lactone 12f'+ (Scheme 7). Since this new distonic 
radical cation is very difficult to oxidize at the a-carbonyl radical 

it may either deprotonate in the presence of base, revert 
to 6f", undergo hydrogen abstraction or initiate an oligomer- 
ization process. Noticeably, the yield from 1 f is increased in the 
absence of base 5, indicating the presence of a base-sensitive 
intermediate that can revert to the cycloaddition route. 

Since 1 f is electronically related to 1 a-e, g-h, the stepwise 
mechanism should apply to all electron-rich allenes presented in 
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much more effective as reductant than all other PET systems 
used, which explains in retrospect the failure of the PET reaction 
with ET4 and ET5. 

6 +  + ET2'- -+ 9 + ET2 4 3 , 4  + ET2 

+. 
I f + -  - 

(vii) 

While generation of 3.4 from 9 could constitute an interesting 
alternative, in particular for systems I-n, first exploratory inves- 
tigations of the PET cycloaddition of 1 m and ET2/ET6 proved 
to be unsuccessful. 

et +. 

I 

71 * -  3t#U+- 

Scheme 7. 

this study as well. In retrospect, the charge distribution in 6" is 
equally well supported by the observation of an efficient cy- 
cloaddition with allene 1 c. The corresponding distonic radical 
cation would be expected to divert rapidly from the cycloaddi- 
tion route through dihydrofuran formation if the charge distri- 
bution was inverted as in 8c'+. But why is the yield increased for 
most systems in the presence of base 5, but not for 1 f,l, n? If ring 
closure to 3, 4'+ is rapid enough, any added base should not 
divert 6 + from the cycloaddition route, but rather should exert 
beneficial effects. Since, in the reactions examined, protons are 
inevitably liberated from such acidic species as radical 
cations,'"I it is always important to minimize acid-induced side 
reactions, which can be largely suppressed in the presence of 
5.11 21 

Details of the PET reaction: Having shed some light on the 
mechanism of the radical cation cycloaddition initiated with 
ET l", it is worth reexamining the reaction under PET condi- 
tions where much lower yields have been obtained. As outlined 
above, formation of a two-center-one-electron bond in the 
transition state [7'+]* seems to be one of the pivotal steps in the 
cycloaddition, but the electron-transfer reduction of 3'+, 4'+ is 
similarly important.[6b1 While for the thermal reaction this is 
most easily accomplished with tri-p-tolylamine as reducing 
agent rather than with 2.[6bl no good reductant other than 
ET2'- is available for the PET reaction. However, ET2'- is 
only present in minute concentrations; thus a lower yield in the 
PET reaction may be at least partly due to inefficient reduction 
of 3, 4'+. Such a reduction pathway explains rather easily why 
cycloaddition could only be accomplished with ET2 and ET3, 
as in contrast the pyrylium radicals ET4' and ET5' are much 
weaker reductants than ET2- and ET3'-.t3z1 

Another severe disadvantage of the PET format is the long 
irradiation time, which permits unintended oxidation of norbor- 
nene 3,4. According to the Rehm-Weller equationItgl oxidation 
of 3.4 by ET2* or ET6' is possible. A surprising and mecha- 
nistically important feature of the PET reaction of 1 a,c with 2 
is the much lower endolexo selectivity observed (3:4) compared 
with that in the thermal oxidation. Indeed, in the PET reaction 
another pathway to 3, 4 is conceivable through one-electron 
reduction of 6" by ET2'- generating biradical 9 [Equa- 
tion (vii)]. While the redox properties of radicals preclude reduc- 
tion of the radical site of 6 +  to an anion by ET2 (E;7z = 
- 1.67 V vs. F c [ ' ~ . ~ ~ ~ ~ ) , ~ ~ ~ ~  the corresponding cationic siter341 
ought to be readily reduced. Again, as above, ET2- should be 

Conclusion 

The present study provides indirect but conclusive evidence 
from several experiments for a stepwise cycloaddition of allenes 
1 a-• and diene 2 by a [3 + 21 mechanism. Since the [3 + 21 mech- 
anism is formally symmetry-forbidden, it should be interesting 
to see whether in general the [3 +2] pathway constitutes a step- 
wise reaction, as opposed to the [4+ 11 alternative. The latter 
variant is formally symmetry-allowed and evidence has been 
provided to indicate that it proceeds in a concerted In 
addition, we have presented a novel and helpful criterion, the 
AH;@ +) - A H ; ( 6 + )  enthalpy differen~e,"~] that we suppose to 
play an essential role in the bond formation of the distonic 
radical cations 6 +  to 3, 4' +. 

Experimental Procedures 

Gmeral methods and maten&: For apparatus used in this work, see refs. [6b] and 
[12 b1. CDCI, was the solvent of choice for all NMR experiments (RT) unless noted 
otherwise. Cyclic voltammetry experiments were performed in homemade cells con- 
sisting of a disk working electrode, an auxiliary electrode (platinum wire) and a 
reference electrode (silver wire). For standard voltammetric experiments a platinum 
working electrode (diameter = 1 mm) was immersed in a 1 0 . ' ~  solution of the 
substrate in acetonitrile or dichloromethane containing tetra-n-butylammonium 
hexafluorophosphate (0.1 M). The voltage sweep was controlled by a Princeton 
Applied Research 362 potentiostat. All potentials are referenced to the ferrocenel 
ferrocenium couple [15]. The diene 2 and 2.6-di-rerr-butylpyridine (5) were reagent- 
grade materials. freshly distilled before use. The one-electron oxidants: ETl'+ was 
synthesized from commercially available tris(4-methylpheny1)amine (Kodak) and 
nitrosonium hexafluoroantimonate (Ozark Mahoning) in acetonitrile. ET2, ET4, 
and EX5 were synthesized according to refs. [36] and 119~). respectively. ET3 and 
ET6 were of commercial grade. 

Preparation of aUenes: The allenes known in the literature, 2-(4methoxyphenyl)- 
2.3-butadiene (1 a) and ethyl 4-(4-methoxyphenyl)-pnta-2,3dienoate (In). were 
prepared according to ref. [12 b]. 

Thrmtep preparation of aUeoe 1 c by LAH reduction of 4-metboxy4(4-methoxy- 
pbenyl)peat-2-yn-l-ol: 
a) Synthesis of 3-me1hoxy-3-/4-merhox.vphenyl)bur-I-yrrp: To a solution of butyl- 
lithium (9.60 mL, 24.0 mmol, 2 . 5 ~  in n-hexane) in dry tetrahydrofuran (20 mL) and 
dry n-hexane (10 mL) at - 25°C was added dropwix a solution of 244- 
methoxyphenyl)-but-3-yn-2-ol I371 (3.72 g, 22.1 mmol) in dry tetrahydrofuran 
( 5  mL) over 5 min. Dry dmethylsulfoxide was added at once to the clear yellow 
solution. whereupon a white solid started to precipitate. After stimng for 5 min at 
25"C, iodomethane (4.77 g, 33.6 mmol) was added and the precipitate disappeared. 
Once more the mixture was stirred for 1 h at 10°C and 1 ha t  50°C before hydrolysis 
with a saturated NaCl solution and extraction (three times) with diethyl ether. The 
combined organic layers were washed with aqueous NaCl and dried (MgSO,), and 
the solvent was removed. The clear yellow liquid was distilled at 0.4 Torr and 
83-86°C to afTord 2.7 g (64%) of 3-methoxy-3-(4-methoxyphenyl)but-l-yne. IR 
(CCI,): i = 3280 (s, acetylene H); 3045 (w. aryl H), 295%. 2935,2900 (s, C- H), 2820 
(m.OCH,), 2110(w. C=C). l602,1580,1510(s,arom. C-C), 1455(s.C-H), 1365 
(m. CH,), 1305 (s), 1254,1173,1090,1045. 1030 (s, C-0). 860 (m). 828 (s)cm-'; 
'H NMR (250MHz. CDCI,): 6 = 1.74 (s, 3H), 2.72 (s, 1H). 3.20 (s. 3H). 3.84 
(s. 3H), 6.92 (m. 2H), 7.54 (m, 2H); "C NMR (100MH.z. CDCI,): d = 32.46, 
52.34. 55.35. 75.29. 76.03, 84.03. 113.66. 127.35. 134.27. 159.35; MS (70eV. El) 
m/: (%): 190(11)[M'], 176(12), 175 (100). 160(13). l59(66). 135 (5). 128(5), 127 
(6). 116 (10). 115 (19), 89 (11); HRMS calcd. for C,,H,,O,: 190.0994. found: 
190.1001. 
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b)  4-methoxv-4- (4-merhoxyp~n.v/)pent~2-,vn-l-ol: A Grignard reagent was synthe- 
sized from a mixture ofmagnesium (2.75 g. 113 mmol) and 1-bromoethane (12.3 g, 
113 mmol) under nitrogen in dry tetrahydrofuran (30 mL). 3-methoxy-3-(4- 
methoxypheny1)but-1-yne (20.7 g. 109 mmol) was added dropwise over 15 min at  
0°C. The mixture was allowed to warm to room temperature and a formaldehyde 
stream (generated by heating 3.70 gparaforrnaldehyde to 180-100°C) wascarefully 
conducted onto the surface of the solution. After stirring for 2.5 h the reaction 
mixture was hydrolyzed with saturated ammonium chloride (100 mL) and extracted 
three times with diethyl ether (100 mL). The combined organic layers were wsshed 
with water and saturated NaCI. The solvent was removed, and the crude orange oil 
was dried (NalSO,) and chromatographed over silica gel (cycbhexane/ethyl ac- 
etate = 3/1. Rf = 0.17) to afford 16.7 g (69%) of4-methoxy-4-(4-methoxyphenyl)- 
pent-2-yn-1-01, IR (CCI,): i = 3420-3360 (sbr. OH). 3030 (w. aryl H), 2980.2925 
(s. C-H). 2820 (m, OCH,). 1600 (s. arom. C-C). 1578 (m, arom. C-C). 1504(vs. 
arom. C-C), 1455, 1435 (m, C-H), 1405 (m). 1362 (m. CH,). 1295. 1235 (s. OH). 
1170, 1086, 1025 (s. C-0) .  990 (m). 855 (m), 825 (s)crn-l; 'H NMR (250 MHz, 
CDCI,): 6 = 1.72 (s, 3H), 2.32 (brs. 1 H;  OH), 3.19 (s, 3H). 3.84 (s. 3H). 4.44 (s, 
2H),6.90(m,2H),7.51(m,2H);13CNMR(100MHz,CDCI,):d=32.32.51.15, 
52.30, 55.34. 76.12. 85.64, 85.81. 113.64, 127.36. 134.41. 159.28; MS (70eV,EI)m/i 
(%):220(8)(M+],206(13),205(100).190(5).189(35). 174(8),161 (9),159(8). 151 
(18). 146 (8). 145 (14). 135 (7), 131 (8). 128 (7). 127 (6). 121 (8). 115 (11); HRMS 
calcd. for C13H,60J: 220.1099, found: 220.1 104. 
rl 4-(4-metho.~~phen.v/)-2,3-penradieno/ (1 c): To a suspension of LAH (0.88 g. 
23.0mmol)indrydiethylether(100 mL)atO"C wasaddeda solution of4-methoxy- 
4-(4-methoxyphenyl)pnt-2-yn-l-ol (5.11 g. 23.0 mmol) in dry ethyl ether (20 mL) 
dropwise over 15 min. After stirring for I h the reaction mixture was hydrolyzed 
with water, extracted three times with dichloromelhane (50 mL), washed with water 
and saturated NaCI, and dried (Na,SO,). After the solvent had been removed. the 
crude yellow solid was chromatographed over silica gel (trichloromcthane/ethyl 
acetate = 20/1. R, = 0.35) to afford 2.2 g (50%) of l c .  IR (CCI,): i; = 3638, 3605 
(w, OH), 2961,2943 (s. C-H). 2838 (m, OCH,). 1955 (w. allene C=C=C).  1608. 
1508 (m. arom. C-C). 1463, 1445 (m, C-H). 1398 ( w ) ~  1374 (m. CH,). 1296.1239 
(s, 0-H),  1179. 1039 (vs, C-O)cm-'; 'H NMR (250 MHz. CDCI,): 6 = 2.13 (d, 
'J(H.H) = 3.0 Hz. 3H), 3.84 (s. 3H). 4.21 (d. 'J(H.H) = 6.0 Hz. 1 H). 4.23 (d. 
'4H.H) = 6.0 Hz, 1 H), 5.67 (ddq. 'Jdt4.H) = 6.0 Hz. 'J,(H.H) = 6.0 Hz, 
'J,(H.H) = 3.0 Hz, 1H). 6.89 (m, 2H). 7.35 (m. 2H); "C NMR (100 MHz, CD- 
CI,): 6 = 17.32. 55.34.60.83. 93.87, 103.24. 113.95. 126.95, 128.93. 158.83, 202.54; 
MS(70eV,EI)m/z(%): 191(5).190(32)[M*]. 161(8). 160(18).159(100).158(10). 
147 (25). 145 (6). 144 (11). 129 (6). 128 (16), 127 (IS), 116 (21). 115 (35); 
Em = 0.95 V;  HRMS calcd. for C,,H,,O,: 190.0994. found: 190.1001. 

Prepsration of allme Id: A solution of Ic (800 mg. 4.21 mmol). 4-N.N-dimethyl- 
aminopyridine (40.0 mg, 0.32 mmol) in dry pyridine (4.0 mL) and dry acetic anhy- 
dride (4.0 mL) was stirred under nitrogen for 1 h at RT. The reaction mixture was 
poured onto ice and extracted with dichloromcthane (three times). The combined 
organic layers were extracted with water, saturated sodium bicarbonate, and then 
water again. ARer drying (MgSO,), the solvent was removed. The crude mixture 
was chromatographed over silica gel (cyclohexanc/ethyl acetate = 1/1. R, = 0.88) to 
afford W m g  (41 %) of Id. IR (CCI.): i = 3640 (w). 2980.2940.2895 (m, C-H), 
2826 (m, OCH,), 2040 (w). 1945 (w. allene C=C=C). 1735 (vs. C=O), 1600 (s, 
arom. C-C). 1573 (m, arom. C-C), I505 (s. arom. C-C). 1453. 1435 (m. C-H). 
1395 (w). 1365 (s. CH,), 1290 (m. C-0). 1240.1220,1173.1023 (s, C-0). 955 (m). 
828 (s)cm-l; 'H NMR (250MHz. CDCI,): B=2.10 (s. 3H), 2.11 (d, 
'J(H,H)=~.OHZ, 3H). 3.82 (s. 3H). 4.66 (d, 'J(H,H)=6,0Hz, 1H). 4.68 (d, 
'J(H,H) = 6.0 HE, 1 H), 5.58 (ddq, 'JdH,H) = 6.0 Hz, 'JAH,H) = 6.0 Hz, 
'I,(H.H)=3.0H~.lH).6.90(rn.2H),7.33(m.2H);~'C NMR(100MHz.CD- 
CI,): d = 15.99, 19.93, 54.29, 61.54, 87.94. 101.38, 112.87. 126.00, 128.70, 157.84. 
169.73, 204.03; MS (70eV, El) m/: ( O h ) :  232 ( l t )  [M +], 231 (2). 191 (5). 190 (62). 
189(20),175(63),174(16),173(15),172(10).161 (7). 160(16),1S9(39),158(18), 
157(22), 147(9), 146(5). 145(5). 144(7). 129(15). 128(20), 128(16). 127(15), 116 
(14). 115 (29). 43 (100); €, = 0.91 V; HRMS calcd. for C,,H,,O,: 232.1099, 
found: 232.1096. 

Preparatioa of dene Ie: A solution of Ic  (250.1 mg. 1.332 mmol) and freshly 
distilled 4-methoxybemoy~chlonde (270.6 mg. 1 .586 mmol) in dry pyridine (2s mL) 
was stirred under nitrogen for 1 d at RT. Trichloromethane (15 rnL) was added and 
the solution was washed with 1 N aqueous sodium hydroxide and saturated NaCl 
solution (twice). After drying (Na,SOJ, fhe solvent was removed and the crude oil 
was chromatographed over silica gel (diethyl ether. R, = 0.80) to furnish 195.7 mg 
(46%)ofle.IR(CC14):O= 3000.2975.2920(m.C-H).2830(rn,OCH,), 1950(vw. 
alleneC=C=C). 1705(s.C=O),1600(s.arom.C-C).1575(w.arom.C-C),1SOS 
(s. arom. C-C). 1455. 1435. 1415 (rn, C-H). 1310, 1265. 1250. 1175. 1160, 1095. 
1030. 1005 (C-0). 840 (w). 830 (w), 780 (s), 755 @)an ~ ' ;  'H NMR (250 MHz, 
CDCI,): d = 2.09 (d. 'J(H.H) = 2.5Hz. 3H). 3.81 (s. 3H). 3.86 (s. 3H), 4.86 (d. 
'JfH.H) = 7.0Hz. 2H). 5.68 (m, 1H). 6.88 (d, 3J(H,H)= 7.0Hz, 2H). 6.92 (d. 
'4H.H) = 7.0 HZ, 2H).7.33(d, '3tH.H) = 7.0 Ht, 2H),8.01 (d, '4H.H) = 7.0 Hz, 
2H); "C NMR (100MHz. CDCI,): d = 17.08, 55.37, 55.43. 62.79, 89.23. 102.48, 
113.67, 113.92. 122.83. 127.10, 128.73. 131.73, 158.88, 163.45, 166.17. 205.24; MS 
(70eV,EI)m/1(%):324(9)[M']. 172(8). 159(7).157(11),136~34),l35(100), 129 
(7). 128 (8). 115(12), 107(25).92(20). 78(6). 77(49).69(5),65(7). 64(15),63(13). 
57 (11). 55 (lo), 53 (5). 51 (12). SO (7). 44 (7). 43 (28). 41 (10). 39 (IS), 38 (8); 
E, = 0.92 V; HRMS calcd for C20H200,: 324-1361, found: 324.1365. 

Preparatioa of 8UW l f  A solution of l e  (154.0 mg, 0.184 mmol) and freshly dis- 
tilled 2-rnethacryloyl chloride (127.6 mg, 1.221 mmol) in dry pyridine (10 mL) was 
stirred under nitrogen for 30 min at RT. Trichloromethane ( 5  mL) was added and 
the solution was washed with saturated sodium bicarbonate and water (five times). 
After drying (Na,SO,). the solvent was removed to afford 150rng (72%) of If 
mffl'ficiently pure (>95%) for further usc. IR (CCI.): 3 = 2960 (m, C-H), 2930 (m. 
C-H). 2840(w, OCH,). 1949 (vw, alleneC=C=C), 1720 (s. C = O ) .  1605(m.arom. 
C-C). 151D(m.arom.C-C). 1455(m.C-H). 1400(w.C-H). 1372(w. CH,). 1295 
(m, C - 0 - C ) .  1235 (m. C-0-C), 1155 (s, C-0-C). 1035 (s. C-0-C). 905 
(m)cm-'; 'H NMR(250MHz,CDC13):d= 1.94(1, sJ(H.H) = 1.5Hz,3H),2.07 
(d, "(H,H) = 2.5 Hz, 3 H), 3.79 (s, 3H). 4.72 (d, 'J(H,H) = 7.0 Hz. 2 H), 5.56 (m. 
1H). 5.60 (m, IH). 6.11 (m. IH), 6.86 (d. 3J(H,H)=7.0Hz. 2H). 7.31 (d, 
'J(H,H) = 7.0 Hz. 2H); "C NMR (100 MHz, CDCI,): d = 17.05. 18.36. 55.38, 
62.66.89.07. 102.57. 113.92. 125.60, 127.09. 128.69, 136.45, 158.89. 167.24, 205.10; 
MS(70eV. EI)m/:(%):258 (7)[MtJ.219(22).205(5), 190f5). l89(29). 175(11), 
173 (5) ,  172(7), 161 (9). 159(13), 157(5), 151 (21). ISO(25). 136(9), 135(100). 133 
(7). 128 (6). 127 (8). 115 (9). 107 (8). 92 (18). 91 (6). 77 (23), 69 (57). 64 (7). 63 (10). 
57 (5). 55 (7). 43 (IS), 41 (20). 39 (9); E, = 0.95 V: HRMS d c d .  for C,,H,,O,: 
258.1256. found: 258.1253. 

Prepration of allem 1 g: A solution of l c  (48.0 mg. 0.254 mmol) and freshly dis- 
tilled phenflisocyanate (45.3 mg, 0.381 mmol) in dry pyridinc (5 mL) was stirred 
under nitrogen for 2 hat  RT. Trichloromethane (3 mL) was added and the solution 
was washed with saturated sodium bicarbonate and water. After drying (Na,SO,). 
the solvent was removed and the crude product waschromatographed over silica gel 
(trichloromethane, R, = 0.60) toafford 99 mg(24%) of lg. IR(CC1.): 3 = 3440(s. 
N-H), 3060. 3030 (w. aryl H), 2990 (w, C-H), 2950. 2900 (m. C-H). 2828 (m, 
OCHJ, 1945 (vw. allene C=C=C), 1735 (s, C =O). 1593 (m, arom. C-C), 1500 (m. 
arom. C-C) ,  1460 (w, C-H), 1433 (s. C-H). 1393 (vw, C-H). 1368 (w. C-H), 
1305.1190.1172 1079 (m-s, C-N and C-0-C), 1032. 1022 (s, C-0). 972 (m). 905 
(w). 685 (W)cm-'; 'H NMR (250 MHz, CDCI,): 6 = 2.01 (d, 'I(H,H) = 2.5 Hz. 
3H). 3.73 (s. 3H). 4.66 (d. )J(H,H)=7,0Hz, 2H). 5.65 (m, 1H). 6.79 (d. 
'4H.H) = 7.0 Hz, 2H). 6.99 (m, 1 H), 7.21-7.27 (m, 6H; 7-H); "C NMR 
(100MHz. CDCI,): d = 17.06. 55.34. 63.25, 89.26. 102.56. 113.94, 118.89. 123.51. 
127.89.129.06, 137.91.158.88.205.07; MS (70eV. EI) m/z ( O h ) :  309 (9) [M '1. 191 
(14). 190 (100). 189 (14). 176 (9). 175 (71). 174 (7). 173 (16). 172 (15). 161 (4). 160 
(8). 159(29). 158(13), 157(11). 147(7), 143(5), 141 (5). 135(7). 133(9), 129(8). 128 
(9), 119 (6). 115 (15), 93 (8), 92 (6). 91 (7). 77 (15). 65 (10). 57 (8), 55 (6), 51 (6). 43 
(6), 41 (5).  39 (7); E,, = 0.89V; HRMS calcd. for C,,H,,O,N: 309.1365. found: 
309.1357. 

Preparation of deoe 1 b: To a solution of I c (1.30 g, 6.84 mmol), 4N.N-dimethyl- 
aminopyridine (0.23 g, 1.84 mmol) in dry pyridine (60 mL) was added (-)cam- 
phanoyl chloride (2.22 g, 10.3 mmol). The reaction mixture was stirred at  RT for 
3 h, poured onto ice and extracted (three times) with dichloromethane (SO mL) . The 
combined organic layers were washed with water, sodium bicarbonate. and water. 
After drying (MgSO,), the solvent was removed and the crude mixture was chro- 
matographed over silica gel (dichloromethane/elhyl acetate = 20/1. R, = 0.411) to 
afford 2.0 g (79%) of l h  1381. IR (CCI,): ? = 3575 (w), 2960.2925 (s. C-H). 2830 
(m, OCH3.2255 (w), 1950 (w. allene C=C=C). 1785 (vs, C=O). 1745, 1725 (s. 
C=O) .  1603 (s, arom. C-C), 1577 (m, arom. C-C), 1507 (s. arorn. C-C), 1455, 
1440(m,C-H). 1392(m), 1370(m,CHJ. 1303(s, C-0). 125O(brs,C-O), 1170, 
1160. 1095, 1055. 1025 (s, C-0). 988, 955. 928 (m), 830 ( s ) c m - ' ;  'HNMR 
(293 MHz. CDCI,): 6 = 0.96 (2s. 6H). 1.03 (s, 3H), 1.04 (s, 3H), 1.11 (s. 6H). 
1.63-1.74(m.2H). 1.84-2.09(m,4H).2.09(d. 'J(H.H) = 2.0Hz),2.30-2.49(m, 
2H),3.82(s,6H).4.81(d,JJ(H.H)=7.5Hz),5.61 (m.2H),6.89(m,4H),7.31 (m, 
4H); "C NMR (100 MHz, CDCl,): 6 = 9.72. 16.70. 16.74. 17.01. 29.01, 30.67, 
30.71. 54.19. 54.83. 55.36, 63.40, 63.44. 88.43, 88.45. 91.15. 102.97. 103.03. 113.94, 
127.12. 128.25, 128.45. 158.99. 167.20. 178.06. 205.39, 205.47; MS (70eV. EI) m/z 
(%): 370(10)[M*], 315 (3). 193 (3). 191 (4). 190(15), 189 (100). 188 (6). 175 (4). 
174(3). 173(13). 172(14), 161 (If), 159(12), 158(8), 157(7), 147(6), 143(4). 133 
(12). 129(7). 128 (8). 115 (16). I13 (9). 97 (15). 83 (63); €, = 0.93 V; HRMScalcd. 
for CI2Hj60,: 370.1780. found: 370.1782. 

heporntion of allme l i :  To a soiution of mono-(10R,llS,14R)-menthylphthaIic 
acid (127 mg, 417 pmol). Ic (95.0 mg. 500  umol), and 4A"N-dimtthylaminopy- 
ridine (5.10 mg, 42.0 pmol) in 10 mL dry dichloromethane was added N.N-dicyclo- 
hexylcarbodiimide (94.4 mg, 458 pmol). The reaction mixture was stirred at 0°C for 
5 min and at RT for 3 h. N,N-dicyclohexylcarbcdiirnide was filtered off and the 
solution was washed with saturated sodium bicarbonate solution and water. After 
drying (MgSO,), the solvent was removed and the yellow oil was chromatographed 
over silica gel (dichloromethane, R, = 0.55) to afford 125 mg (62%) of 1 i. IR 
(CCI,): i. = 3060 (w. aryl HI. 2949 (s. C-H). 2865 (m. OCH,), 1954 (m. allene 
C=C=C). 1729(vs.C=0), 1609,1519(w,arom.C-C), 1450(m,C-H), 1380fw. 
CH,) ,1269 (brvs. C -0). 1189.1129.1078.1049 (s, C -0). 870 (m) ax- ' : 'H NMR 
(250 M H t ,  CDCI3): 6 = 0.72-0.92 (m. 2H). 0.76 (d. 'J(fi,H) =7.5 Hz, 6H), 0.86 
(m, 12H), 0.96-1.13 (m. 4H). 1.35-1.50 (m. 4H). 1.60-1.70 (m. 4H). 1.83-1.90 
(m. 2H). 2.03 (d. 'J(H.H) = 2.0 Hz. 3H), 2.04 (d, 'J(H,H) = 2.0 Hz. 3H). 2.10- 
2.20 (m. 2H). 3.76 (s. 6H). 4.75-4.94 (m. 6H). 5.62 (m. 2H). 6.79 (m. 2H). 6.80 
(m, 2H). 7.30 (m. 4H). 7.48 (m, 4H), 7.60 (m, 2H). 7.69 (m, 2H); "C NMR 
(100MHz.CDCI3):6=17.09. 17.11,16.38.20.92,22.10,23.52,26.33.31.53.34.38. 
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40.71, 47.29. 55.39, 63.75. 75.80. 88.88, 102.53, 113.97. 127.18, 128.59. 128.62, 
128.88. 128.95. 130.87. 130.98, 132.47, 132.53, 158.94. 166.83. 107.58. 205.44; MS 
(isobutane, C1) m/z (%): 478 (11). 477 (39) [M'f l ] .  476 (9){M*]. 460 (7). 459 
(24).458(5). 340(7).339(21). 321 (11).305(10).231 (6),229(6),211 (7). 192(6), 
191 (31). 175 ( 1 5 ) .  174 (22). 173 (100). 172 (20). 167 (27); HRMS calcd. for 
C30HJ60,: 476.2563. found: 476.2571. 

Preparation of deDe Ik: From a mixture of magnesium (1.69g. 69.5 mmol) and 
1-bromobutane t8.95 g, 64.3 mmol) in dry tetrahydrofuran (30 mL) the Grignard 
reagent was obtained. After cooling to - 5  "C. copper(l) iodide (1.33 &7.30 mmol) 
was added and the reaction mixture was stirred for 5 min. The green solution and 
N,N-diethyl-4-methoxy-4-(4-methoxyphenyl)~nt-2-yn-l -amine (3.87 g. 14.0 mmol) 
in dry tetrahydrofuran (10 mL) were stirred for 3 ha t  0 "C. After it had been poured 
into 10% aqueous ammonia, the mixture was extracted with diethyl ether (three 
limes) and the combined organic layers were washed with concentrated ammonia 
and twice with water. After drying (Na,SO,), the solvent was removed and the 
viscous orange liquid was chromatographed over silica gel (ethyl acetate, R, = 0.07) 
to afford 1.3 g (37%) of I k. IR (CCI,): 5 = 2965, 2930 (s, C-H), 2865, 2830 (m. 
OCH3),2800(m). 1948(m,alleneC=C=C). 1610.1582(m.arom. C-C), 1518(vs, 
arom. C-C). 1470. 1460. 1445 (m, C-H), 1388, 1376 (m, CH,). 1355, 1328 (w). 
1312, 1298 (m), 1250. 1185. 1120, 1045 (s), 865 (s)cm-'; 'HNMR (250MHz. 
CDCI,): S=1.10 (I. 'J(H,H)=?.5Hz, 6 H ) ,  2.10 (d, 'J(H.H)=~.OHZ, 3H). 
2.62(q.'J(H,H)=7.5Hz.4H).3.30(d,3J(H.H)=7.5Hz.2H).3.81(s.3H),5.43 
(m. 1 H), 6.88 (m. 2H). 7.31 (rn? 2H); "C NMR (100 MHz, CDCI,): d = 12.15, 
17.32.46.74. 51.83, 55.31, 88.70. 99.68. 113.81, 126.82. 129.61, 158.51, 204.64; MS 
(70 eV. El): m/r (%): 245 (4)[M '].175(9), 174 (59). 173 (5). 160(2). 159 (17). 158 
(5 ) .  144 (3), 143 (51, 141 (3). 135 (3), 133 (4)$ 129 (4), 128 (61, 115 (16). 108 (7). 
87 (45). 86 (100): €, = 0.67 V; HRMS calcd. for C,,H,,NO: 245.1780, found: 
245,1774. 

Preparation of allene 1 I :  Crude allene 1 n (1 1 .O g). prepared according to ref. [12 b], 
was dissolved in ethanol (60 mL) and heated to reflux in the presence of aqueous 
sodium hydroxide (7.20 g. 175 mmol in 150 mL of water) for 2.5 h. After cooling to 
RT the orange reaction mixture was extracted twice with trichloromethane. The pH 
of the aqueous layer was adjusted to 6-7 with a mixture of concentrated sulfuric 
acidlwater (1011) and extracted with diethyl ether (three times). After the combined 
organic layers had been dried (MgSO,). the solvent was removed to afford 1.05 g 
ofpure 11. IR(CCI,): G = 3100-29M)(brm. OH), 3010(w,aryl H).2960(rn. C-H). 
2838 (m. OCH,). 1941 (m. alleneC=C=C), 1723 (vs, G O ) ,  1635 (m), 1604,1510 
(s. arom. C-C). 1468. 1440. 1403 (m. C-H), 1293 (m, C-0) .  1252, 1220. 1178, 
1027 (s. C-0). 830 (s)cm-'; 'HNMR (250 MHt, CDCI,): 6 = 2.20 (d, 
'JCH.H) = 2.5 Hz, 3H). 3.82 (s, 3H), 5.00 (q. 'J(l4.H) = 2.5 Hz, 1 H). 6.90 {m, 
2H). 7.32 (m, 2H) cm-'; "C NMR (100 MHt, CDCI,): 6 = 16.24. 55.36.89.06, 
105.61,114.!9. 127.53,128.62,159.60, 170.48,215.49;MS(70eV.EI):m/:(%):205 
(14).204(100)[M'J. 189(27).188(6). 186(8). 180(6). 161(42). 160(9),159(69), 
135 (27). 133 (10). 128 (6), 127 ( 5 ) .  116 (7). 115 (14); €, =1.08 V: HRMS calcd. 
for CIIH,,O,: 204.0786. found: 204.0793. 

Preparation of dene 1 m: A solution of sodium hydride (4.20 g. 177 mmol) in dry 
tetrahydrofuran (400 mL) under nitrogen at 0°C was mixed dropwise with diethyl 
(diethylcarbamoylmethyl)phosphonate (23.8 g, 95.0 mmol). When no more gas 
evolved, the mixture was stirred for 1 h at RT and the remaining traces of sodium 
hydride were filtered off under nitrogen. The filtrate was refluxed for 5 min and a 
solution of (4-methoxyphenyl)methylketene (16.3 g, 101 mmol) in dry dimethoxy- 
ethylene (SO mL) was added rapidly. After refluxing for 30 min the reaction mixture 
was poured into 5 %  aqueous potassium bicarbonate solution. The aqueous layer 
was extracted with diethyl ether (three times), the combined organic layers were 
dried (MgSO,) and the solvent was removed. The crude product (26 g) was chro- 
matographed twice over silica gel (cyclohexane/ethyl acetate - J/3, f?, = 0.60) to 
afford 3.8 g (lSoh) of In. IR (CCI,): G = 2976.2935 (s, C-H), 2840 (w. OCH,). 
1950 (m, allene C=C=C). 1740 (w), 1636 (vs, G O ) ,  1620,1520 (m, arom. C-C), 
1468. 1440 (s, C-H), 1390, 1373 (m, CH,). 1320, 1358. 1285 (m), 1253 (s), 1190. 
1145. 1050 (s, C-O)cm-'; 'HNMR (250MHz. CDCI,): b=1.16 (brt, 
'J(H,H)=7.0Ht, 6H), 2.16 (d. 'J(H.H)=2.5Hz. 3H). 3.43 (brq, 'J(H,H)= 
7.0Hz.4H),3.81(s,3H),6.14(q.'J(H,H)=2.5Hz.lH),6.90(m,2H),7.35(m, 
2H); "C NMR (100MHz, CDCI,): S =13.03, 14.57, 16.56, 40.87. 42.91. 55.32. 
90.00, 103.79. 114.02, 127.31, 127.44, 159.19. 164.47, 209.83; MS (70eV. El): m/z 

162 (9). 160 (7). 159 (33). 145 (7). 136 (9). 135 (88). 134(8), 116 (6). 115 (13). 101 
(71, 100 (100); E, = 0.97V; HRMS calcd. for C,,H,,NO,: 259.1572, found: 
259.1577. 

General procedure for radicaleation-initiated reactiols: All reactions were carried 
out under highly purified argon by standard Schlenk techniques. In a typical run, 
100 mol% of the oneslectron oxidant ET1" dissolved in acetonitrile (0.4 mL) 
were added over 2 min to a solution of allene 1, diene 2, and base 5 in acetonitrile 
(0.4 mL) at 0°C. Usually a molar ratio of the reactants 1 :2:ET 1.' :5 = 5 :  1 : 1 : 1 .05 
was used. In the beginning, the deep blue color of the aminium salt solution instan- 
taneously disappeared but reappeared after a third of the one-electron oxidant was 
added. After addition the reaction mixture was stirred for Smin at  0°C and 
quenched with 2 N methanolic sodium methanolate, neutralixd with saturated s d i -  

(?'e): 260 (9). 259 (51) (AdC]. 244 (6). 235 (9), 230 (6), 189 (8). 188 (56), 175 (13). 
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urn bicarbonate and extracted (three times) with dichloromethane. After drying 
(Na,SO,). the solvent and all volatile components were removed. The crude MC- 

tion mixtures were analyzed by 'H NMR spectroscopy and GC-MS. To determine 
the yields an internal NMR standard (acetophenone) was added. 

Norboracoa: For identification the novel norbornenes Jd-Jh, 4d-4b were inde- 
pendently synthesized starting from norbornene 3c,4c by the appropriate deriva- 
tization procedure 139). After work-up the crude products were first purified by 
chromatography over s i b  ge1 and then by HPLC (Merck LiChrosorb Si 60/7 pm, 
diameter 25 mm). The pure norbornenes were characterized by IR, 'H NMR, "C 
NMR, MS, HRMS, and E,. 

Preparation of norbornem 3c, 4c (12 b]: To a solution of l e  (305 mg, 1.60 mmol), 
2 (72.8 mg. 0.535 mmol), and 5 (86.0 mg, 0.450 mmol) in acetonitrile (5 mL) under 
argon at 0°C was added a solution of ETI" (224 mg, 0.428 mmol) in acetonitrile 
(5mL) over 20min. After stirring for 45min at 0°C the reaction mixture was 
quenched with 2N rnethanolic sodium methanolate. neutralized with an excess of 
saturated sodium bicarbonate, and extracted with dichloromethane (three times). 
After the combined organic layers had been dried (MgSO,), the solvent was re- 
moved. The green oil was distilled by means of a Kugekohr apparatus (0.1 Ton, 
65 "C. 1.5 h) and chromatographed over silica gel (cyclohexane/ethyl acetate = 2/1, 
R, = 0.49) to afford 142 mg (81 %) of 3c. 4c (enh /exo  = 511). 

Prepara(iw of wrbornem 36,4d: In the presence of a catalytic amount of 4-N.N- 
dimethylaminopyridine a solution of 3c, 4c (40.0 mg. 0.123 mmol) and acetic anhy- 
dride (20.0 mg. 0.233 mmol) in dry pyridine (5 mL) was stirred for 2 ha t  RT under 
nitrogen. The reaction mixture was poured onto ice and extracted with 
dichloromethane, and thecombined organic layers were washed with water, saturat- 
ed sodium bicarbonate solution, and water again. After drying (MgSO,). the sol- 
vent was removed and the crude yellow oil (40mg. 85% purity) was chro- 
matographed over HPLC (n-hexane/dichloromethane = 1/9, flow = 6.0 mL/ min, 
r1 =15 min and 17 min) to afford 9.0 mg (20%) of pure 3d, 4d (endo/exo = 5/1). 
Data for 3d: 'HNMR (250 MHz. CDCI,): 6 = 0.59 (4. 'J(H,H)<l.O Hz. 3H), 
0.69 (d, 'J(H,H)=?.SHz, 3H). 0.96 (s. 3H). 1.13 (s, 3H), 1.47 (9. 
'J(H.H)< 1 .O Hz, 3H). 1.54 (s. 3H). 1.96 (9. '/(H,H) = 7.5 Hz. I H), 2.01 (s. 3H). 
3.78 (s. 3H), 4.21 (d. 'J(H.H) = 7.0 Hz. 1 H). 4.23 (d, 'J(H,H) =7.0 Hz. 1 H), 5.31 
(1. 'J(H,H) =7.0 Hz, 1 H), 6.57-6.85 (m, 4H; coalescence); "C NMR (100 MHz. 
CDCl,): S = 8.67.9.55.9.68, 11.50. 12.48,21.16.22.84, 53.96, 55.22. 57.17, 58.46, 
60.36.62.91.111.42.112-113 (coalescence), 127-130(coalescence), 129.77.137.54. 
138.00. 157.60, 158.75, 171.04. 
Data for 4d: 'HNMR (250 MHz, CDCI,): 6 =  0.58 (d, '4H.H) =7 .5H~.  3H), 
0.70 (s. 3H). 1.13 (s. 3H). 1.36 (s, 3H), 1.50 (q, 'J(H.H)<l.OHz. 3H). 1.65 (4, 
5J(JfH,H)<l.OH~,3H),1.86(q,3J(H,H)=7.5Hz,1H).2.00(s,3H),3.79(~,3H), 
4.16 (d, 'J(H.H) =7.0Hz. lH),  4.28 (d, 'J(H,H) =7.OHz, lH) ,  5.37 (t. 
'J(H,H) =7.0 Hz. 1 H), 6.79 (m. ZH), 7.21 (m, 2H). 
Data for 3d, 46: 1R (CCI,): i = 2937 (s, C-H), 2902 (vs, C-H), 2837 (s. OCH,). 
1734 (s. C=O), 1606. 1507(w, arom. C-C), 1454 (m, C-H), 1378 (m, CH,), 1294 
(m, C-0),1230 (s,C-0). 1183(m,C-O), 1097(brs,C-O), 1022(brs) an-'; MS 
(70eV. EI)m/r(%): 369(5)[M t+l],368(15)[M+J,308(6),288(7).287(19).286 
(6). 207 (4), 137 (8), 136 (lOa), 135 (20), 134 (6). 128 (4). 121 (22); HRMS calcd. 
for C,,H,,O,: 368.2351. found: 368.2359. 

Preparation of wrborwm 3e. 4e: A solution of 3c. 4c (37.5 mg, 0.1 15 mmol) and 
4-methoxybenzoyl chloride (29.5 mg. 0.173 mmol) in dry pyridine (10 mL) was 
stirred for 6.5 h at RT under nitrogen. After addition of trichloromethane (20 mL) 
the reaction mixture was washed with saturated sodium bicarbonate and water. 
After drying (Na,SO,). the solvent was removed and the crude pale brown solid was 
chromatographed over silica gel (cyclohexane/ethyl acelate = 1/1, Rr = 0.88) and 
HPLC (n-hexane/dichloromethane = 1/3, flow = 6 mLmin-', r ,  = 107 min) to af- 
ford 6 mg (11 YO) of pure 3e, 4e (endo/exo = 4/1). 
Data for 3e: 'HNMR (250 MHz, CDCI,): 6 = 0.54 (4, 'J(H,H) =1.0 Hz, 3H). 
0.62 (d. 'J(H,H)=7.5Hz, 3H), 0.91 (s, 3H). 1.09 (s. 3H). 1.44 (q, 
'J(H,H) =I.OH~3H).1.54(~,3H),1.91 (q.,J(H,H) -7.5Hz,lH),3.69(~.3H). 
3.79 (s, 3H), 4.36 (m, 2H). 5.36 (1. '4H.H) = 8.0 Hz, 1 H), 6.50-6.77 (m. 4H;  
coalescence). 6.84(m, 2H). 7.90(m, 2H); "C NMR (100 MHz. CDCI,): S = 8.69, 
9.57.9.71.11.53,12.53,22.97,55.21,55.49, 56.04.57.16,58.50,60.38,62.99,111.64, 
112.32. 112.64, 113.58. 123.27. 129.84, 131.67, 137.64. 137.98, 157.56, 158.85, 
163.28, 166.34. 
Data for 4e: 'HNMR (250 MHz, CDCI,): 6 = 0.52 (d, 'J(H,H) 1.7.5 Hz. 3H). 
0.66(~,3H),1.10(~,3H),1.34(~,3H),1.50(q,'J(H,H)=1.0H~,3H),1.59(q, 
'4H.H) =l.oH~,3H),1.82(q,'J(H,H) =7.5Hz,lH),3.71 (~,3H),3.79(~.3H),  
4.36(m,ZH).5.36(t.'J(H.H) =8.0Hz.1H),6.80(m,2H),6.84(m,ZH),7.20(m, 
2H). 7.90 (m. 2H). 
Data for 30, 4e: IR (CCI,): i = 2975, 2920 (s. C-H). 2850 (m, OCH3), 1710 (s, 
C=O), 1600 (m, arom. C-C). 1505,1455 (m, arom. C-C), 1372 (m, C-H), 1242 
(s,C-0). 118O(w,C-O). 1162(m.C-O). 1095,1032(s,C-O)cm-';MS(70eV, 
EI)m/z(%):MO(c l)[M'], 137 (16). 136(100), 135 (26). 121 (26). 105(6). 57(6). 
55(5).43(8),41 (S);MS(isobutane, CI)m/z(%):461 (<l)[M*+1].311(6), 310 
(17). 309(100), 308(9),295(9), 154(9), 153(79). 152(10). 137(8). 136(5), 135(6). 
123 (6). 71 (6); HRMS calcd. for C,,H,,O,: 460.2614. found: 460.2626. 
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Preparation of norbornenes 3f. 41: A solution of 3c. 4c (35.6 mg. 0.109 mmol) and 
2-methacryloyl chloride (17.2 mg. 0.164 mmol) in dry pyridine (10 mL) was stirred 
for 1 h at RT under nitrogen. Trichloromethane (20 mL) was added and the reaction 
mixture was washed with saturated sodium bicarbonate and water. After drying 
(NapO,), the solvent was removed and the crude brown oil was chromatographed 
over HPLC (n-hexane/dichloromethane = 113. flow = 6 mLmin- I .  I ,  = 37 min) to 
afford 7 mg (16%) of pure 31. 4f (endolexo = 411). 
Data for 3 f  'HNMR (250 MHz, CDCI,): 6 = 0.60 (q. '4H.H) = 1.0 Hz. 3H). 
0.70 (d. '4H.H) =7.5 Hz, 3H). 0.96 (s, 3H). 1.14 (s. 3H). 1.48 (q, 
'4H.H) =l.OHz.3H),1.55(~,3H). 1.90(~.3H).1.96(q,'J(H.H)=7.5Hz. 1H). 
3.77(s,3H),4.37(m,2H),5.35(1,JJ(H,H)=8.0Hz).5.51(s,1H),6.06(s.1H), 
6.53-6.86 (m. 4H;  coalescence): "C NMR (IOOMHz, CDCI,): 6 = 8.59. 9.45. 
9.61, 11.44. 12.42. 18.34. 22.85. 53.91. 55.14, 57.05, 58.39, 60.28. 62.89, 111.36. 
112-113 (coalescence), 124.96. 127-130 (coalescence). 129.73, 136.69. 137.52. 
137.92, 157.48, 158.78, 167.38. 
Data for 4f: 'H NMR (250 MHz. CDCI,): 6 = 0.57 (d. 'J(H,H) =7.5 Hz. 3H). 
0.70(~.3H~.1.14(~.3H).1.37(~.3H).1.50(q.'J(H.H)=1.0Hz.3H),1.63(q. 
'J(H.H) =1.0 Hz. 3H).  1.85 (4. '4H.H) =7.5 Hz. 1 H). 1.90(s, 3H),  3.79(s. 3H). 
4.37 (m. 2H). 5.41 (I. '4H.H) = 8.0 Hz. 1 H). 5.51 (s. I H), 6.06 (s, 1 H). 6.76 (m. 
2H). 7.21 (m. 2H). 
Data for 31.41: IR (CCI,): C = 2965 (s, C-H). 2935 (m. C-H). 2877 (w. OCH,). 
1712(s.C=0). 1662(m.arom. C-C),  1627(s,arom.C-C), 1507(w,arom.C-C), 
1451. 1438 (w, C-H), 1373 (m. C-H).  1292 (s. C - 0 - 0 .  1155. 1120. 1034 (s, 
C - 0). 662 (m) cm - ; MS (70 eV, €1) mi: (%): 395 (4). 394 (14) [M + 1.189 (7). 137 
(43). 136(100). 135(11). 122(5), 121(46). 119(5). 105(10).93(5).91 (6).69(13). 
41 (18); HRMS calcd. for C,,H,,O,: 394.2508, found: 394.2501. 

Preparation of norbornenes 3g. 4g:  A solullon of 3c. 4c (52.8 mg. 0.162 mmol) and 
phenylisocyanate (28.9 mg, 0.243 mmol) in dry pyridine (10 mL) was stirred for 12 h 
at RT under nitrogen. Trichloromethane (20mL) was added and the reaction 
mixture was washed with saturated sodium bicarbonate solution and water. 
After drying (Na,SO,), the solvent was removed and the crude nearly colorless 
oil was chromatographed over HPLC (n-hexane/dichloromethane = 1/4. flow = 
6 mlmin- ' ,  l R  = 35 min and 44 min) to amord 15 mg (31 %) of pure 3g. 4g (endo/ 
exo = 4/1). 
Data for 3g: 'H NMR (250 MHz. CDCI,): d = 0.59 (q. 'J(H.H) =1.0 Hz. 3H). 
0.70 (d, 'J(H,H) =7.5 Hz, 3H). 0.95 (s, 3H). 1.14 (s. 3H). 1.48 (q, 
'J(H,H)=l.OH~,3H),1.56(~.3H).1.96(q,'J(H.H)=7.5Hz.1H).3.76(~.3H). 
4.41(m,2H),5.36(t,3J(H.H)= 8.0Hz,lH),6.59-6.79(m,4H;coalescence),7.04 
(m. 1 H). 7.31 (m. 5H); "C NMR (100 MHz, CDCI,): 6 = 8.67. 9.55. 9.70, 11.53. 
12.51, 22.94, 54.02, 55.21. 57.21, 58.50. 60.38, 63.57, 111.49. 112.6 (coalescence), 
118.62, 123.31. 129.08, 129.77. 130.7(coalescence). 137.63. 138.07. 138.15. 157.61. 
159.05. 
Data for 4g: 'H NMR (250 MHz. CDCI,): 6 = 0.59 (d. 'J(H.H) =7.5 Hz. 3 H). 
0.71 (s.3H). 1.14(~.3H). 1 .37 (~ ,3H) .  1.51 (q, 'J(H.H)=I.OHz. 3H). 1.64(q. 
5J(H.H)=1.0Hz,3H).1.88(q.'J(H,H)=7.5Hz.1H).3.79(s.3H).4.41(m,2H), 
5.40 (I. 'J(H.H) = 8.0 Hz. 1 H). 6.79 (m, 2H). 7.04 (m. 1 H). 7.31 (m. 5H). 
Datafor3g.4g: IR(CCI,):i = 3442(m.N-H),3061,3032(w.arom.C-H).2960. 
2913.2902(s.C-H),2870(w,OCH,), 1730(s.C=0). 1593(w,arom.C-C). 1500 
(m. arom. C-C), 1435 (s. C-H). 1375 (m. C-H). 1321 (w), 1308, 1292 (m). 1192. 
1178 (s). 1 I50 (m). 1078 (m). 1040.1026 (m. C-N. C-0--C. C -O),  907 (m) cm- ' : 
MS(70eV,EI)m/r(%):445(10)[MtJ.  190(6). 137(33), 136(100). 135(11). 121 
(34). 119 (6). 105 (7). 91 ( 5 ) ;  HRMS calcd. for Cz9H,s0JN: 445.2617. found: 
445.2608. 

Preparation of norbornenes 3h.4b: A solution of 312.4~ (50.0mg. 0.153mmol). 
( -  )-camphanoyl chloride (49.8 mg, 0.230 mmol) and 4-NNdimethylpyridine in 
catalytic amounts in dry pyridine (7 mL) was stirred under nitrogen for 1 h at RT. 
The reaction mixture wds poured onto ice and extracted with dichloromethane. and 
the combined organic layers were washed with saturated sodium bicarbonate and 
water (twice). After drying (MgSO,). the solvent was removed and the crude yellow 
oil was chromatographed over HPLC (n-hexanelethyl acetate = 87/13. flow = 
9 mLmin-'. f, = 20 min) to afford 35 mg (45%) of pure 3h. 4h (c~ndo/eso = 5/l) .  
Data for 3h: 'HNMR (250MHz. CDCI,): 6 = 0.60 (q. 'J(H.H)tl.O Hz. 6H). 
0.69(d.JJ(H.H)=7.5H~.6H).0.93(2s.6H).0.95(s.6H).l.02(s.6H).1.10(s. 
6H). 1.13 (s. 6H). 1.48 (9, 'J(H,H)<I.OHz. 6H). 1.54 (2s. 6H). 1.64-1.70 (m. 
2H). 1.85-2.03 (m, 6H). 2.33-2.41 (m, 2H). 3.76 (2 s, 6H). 4.35-4.58 (m. 4H).  
5.33 (1. 'J(H.H) =7.5 Hz. 2H). 6.40-6.80 (m, XH; coalescense): "C NMR 
(100 MHz. CDCI,): 6 = 8.57. 9.46. 9.57, 9.71. 11.46. 12.41. 16.70. 16.74. 16.78, 
22.98. 23.01. 29.02, 30.54. 53.96. 54.12. 54.76. 55.12, 57.10. 58.46. 60.30. 63.86. 
91.14, 110.45, 110.50. 112 (coalescense). 113 (coalescense). 127-128 (coalescense). 
129-130 (coalescense). 129.63. 137.39. 138.13. 157.55. 159.75, 159.89. 167.32. 
178.27. 
Data for 4h: 'H NMR (250 MHz. CDCI,): 6 = 0.59 (d. 'J[H.H) =7.5 Hz, 6H).  
0.70(s.6H).0.90(2 s. 6H). 1.01 (s.6H). I.lO(s.6H). 1.14(~.6H). 1.37(2s,6H), 
1.48(q. 'J(H,H)< 1.0 Hz.6H). 1.64(q, 'J(H,H)< 1.0 Hz. 6H). 1.64- 1.70 (m. 2H). 
1.85-2.03(m, 6H).2.33-2.41 (m, 2H),3.78(2s, 6H),4.35-4.58(m.4H), 5.40(1, 
'J(H,H) =7.5 Hz, 2H).  6.78 (2m. 4H). 7.20 (2m. 4H). 
Datafor3h,4h:IR(CCI,):i. = 2969.2942cm-' (s.C-H).2X82(m.OCH3). 1802 
(vs.C=O). 1733(s,C=O). 1514(w.arom. C-C). 1446(m.C-H). 1382(m.CHJ), 

1348(w), 1316,1299(m).1259(brs,C-O). 1185.1169,1102,1062.1042(s,C-0). 
713 (s); MS(70eV. EI)m/z(%): 506(1) [M']. 315 (2). 314(9). 312(1). 296 (2). 277 
(1).252(2). 189(2), 173(1). 167(2), 159(1). 149(6), 147(1). 146(1). 137(16). 136 
(100). 135 ( 5 ) .  121 (23). 115 (6); HRMS calcd. for Cl2H,,O,: 506.3032, found: 
506.3033. 

Ceoeral procedure for photoinduced electron transfer reactiom: As in the chemical 
oneelectron oxidations an alleneldiene ratio = 511 was used. A Pyrex tube was 
loaded with allene, biphenyl (ET2). lithium perchlorate (0.200 and sodium carbon- 
ate (if used) under nitrogen and evacuated for 45 min. Solvent and diene (2) were 
added and the tube was closed. The reaction mixture was stirred and irradiated at 
1 = 350nm (fluorescence filter, Gdntzel) in a Grintzel apparatus (lo00 W, 
Grantzel, air-cooled). The norbornenes 3.4 were characterized by 'H NMR spec- 
troscopy. GC. and GC-MS. Yields were measured against an internal standard 
(acetophenone). A control experiment revealed that in the absence of a PET initia- 
tor. both allene and diene were recovered unchanged after 5 d. 

PET-induced cyclonddition of 1 a with 2: Allene 1 a (82.5 mg. 51 5 pmol) and 2 
(14.0 mg, 103 pmol) were dissolved in acetonitrile (5.15 mL) and irradiated for 5 d. 
No cycloadducts 3a. 40 could be detected. 
Allene 1 a (68.6 mg, 428 pmol). 2 (1 1.7 mg, 85.7 pmol). ET6 (66.0 mg. 428 pmol). 
and lithium perchlorate (91.2 mg, 857 (Imol) were dissolved in acetonitrile (4.28 mL) 
and irradiated for 2 d. 3% 3. and 2% 4a were detected. 
Allene I a (135 mg. 841 pmol). 2 (22.9 mg, 168 pmol), ET6 (51.8 mg, 336 pmol). 
ET2 (5.99 mg. 33.6 pmol), and lithium perchlorate (21.8 mg. 200 pmol) were dis- 
solved in acetonitrile (1.0 mL) and irradiated for 2d.  Traces of 3. and 4a were 
detected. 
Allene l a  (94.6 mg. 591 pmol), 2 (16.1 mg. 118 pmol), ET6 (91.1 mg, 591 pmol), 
ET2 (4.21 mg, 23.7 pmol) and lithium perchlorate (12.8 mg, 120 pmol) were dis- 
solved in acetonitrile (0.60 mL) and irradiated for 5 d. 5% 3a and 2 %  4. were 
detected. 
Allene 1 a (78.6 mg, 491 pmol). 2 (13.4 mg. 98.2 pmol). ET6 (75.6 mg. 491 pmol). 
ETZ (3.50 mg, 19.6 pmol) and lithium perchlorate (104 mg, 982 pmol) were dis- 
solved in acetonitrile (4.91 mL) and irradiated for 5 d. 9% 3n and 4 %  4a were 
detected. 
Allene l a  (96.2 mg. 601 pmol), 2 (16.4mg. 120 pmol). ET6 (92.6 mg, 601 pmol), 
ET2 (4.28 mg, 24.1 p o l )  and lithium perchlorate (128 mg, 1.20 mmol) were dis- 
solved in acetonitrile (6.01 mL) and irradiated for 2 d. 10% 3 s  and 6 %  4a were 
detected. 
Allene 1 a (83.0 mg, 519 pmol), 2 (14.1 mg, 104 pmol). ET6 (79.9 mg, 519 p o l ) ,  
ET2 (3.69mg. 20.8 pmol), lithium perchlorate (110 mg, 1.04 mmol), and sodium 
carbonate (27.6 mg. 260 pmol) were dissolved in acetonitrile (5.19 mL) and irradiat- 
ed for 2 d. 10% 317 and 6% 4 s  were detected. 
Allene l a  (109 mg. 680 pnol). 2 (18.5 mg. 136 pmol), ET6 (105 mg. 680 pmol). 
ET2 (14.5 mg. 81.6 (Imol). and lithium perchlorate (145 mg, 1.36mmol) were dis- 
solved in acetonitrile (6.80 mL) and irradiated for 2 d. 14% 3a and 1 1  % 4r were 
detected. 
Allene I a (98.7 mg. 617 pmol). 2 (16.8 mg, 123 pmol), ET6 (95.0 mg. 617 pmol), 
ET2 (13.2 mg, 74.0 pmol) and lithium perchlorate (131 mg, 1.23 mmol) were dis- 
solved in acetonitrile (6.20 mL) and irradiated for 5 d. 14% 3a and 14% 4a were 
detected. 

PET-induced cyeloaddition of Ic with 2: Allene Ic (55.0 mg. 290 pmol), 2 (7.89 mg. 
57.9 lmol). ET6 (44.6 mg, 290 pmol). ET2 (2.06 mg, 11.6 pmol). lithium perchlo- 
rate (61.6mg. 579pmol). and sodium bicarbonate (15.4 mg, 145 pnol) were dis- 
solved in acetonitrile (2.89 mL) and irradiated for 2 d. 13% 3c and 3 %  4c were 
detected. 
Allene Ic (50.1 mg, 264 pmol), 2 (7.18 mg. 52.7 pmol), ET6 (40.6 mg, 264 p o l ) ,  
ET2 (1.88 mg, 10.5 pmol). lithium perchlorate (56.1 mg, 527 pmol), and sodium 
bicarbonate (14.3 mg, 135 pmol) were dissolved in acetonitrile (2.64 mL) and irradi- 
ated for 3 d. 17% 3c and 3% 4c were detected. 
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